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[57] ABSTRACT 

A vascular or endoluminal stent adapted for deployment in 
a vessel or tract of a patient to maintain an open lumen 
therein is formed from a metal open-ended tube which is the 
single component of the stent. The tube has a multiplicity of 
holes cut by laser through its wall. The through-holes are 
encompassed by serpentines that constitute the wall, the 
serpentines extending sinusoidally each in multiple 360° 
wavelengths in a single rum about the axis of the tube and 
juxtaposed in plural substantially identical segments dis- 
posed with regularity along the axis. Each segment has a 
length equal to the distance between crests and troughs of 
the sinusoid. Adjacent serpentines are joined together at 
crest and trough, respectively, so that their interconnections 
are 180° out of phase relative to their wavelength. The 
serpentines and interconnections thereof are shaped 
throughout for optimum uniform expansion of the stent 
during deployment thereof, including a notch substantially 
symmetrically located at either side of the junction of the 
respective crest and trough of the interconnections between 
adjacent serpentines. The serpentines are substantially 
devoid of sharp comers and edges, except at the notches, and 
each serpentine has an oval cross-section. The regularity of 
the segments is interrupted at least once along the axis of the 
tube by serpentines oriented differently from the others, used 
to maintain the tube's length substantially invariant despite 
radial expansion of the stent during deployment. The ser- 
pentines are pre-stressed and annealed before deployment of 
the stent to ease deployment and enhance symmetrical radial 
expansion. The exterior surface of the tube is longitudinally 
tapered from its mid-point toward its ends, and substantially 
rounded surfaces prevail throughout the tube. 

4 Claims, 3 Drawing Sheets 
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IMPLANTABLE VASCULAR AND compression, and therefore, the dimensional stability to 

ENDOLUMINAL STENTS AND PROCESS OF resist the vessel wall's elastic recoil and maintain lumen 

FABRICATING THE SAME diameter. But it has the disadvantage of presenting greater 

risk of injury to the vessel wall or damage to its expansion 

BACKGROUND OF THE INVENTION s balloon because of sharp edges. Clinical practice and animal 

The present invention relates generally to stents which are experiments have demonstrated that the sharp edges of 

implantable or deployable in a vessel or duct within the body m ^ v idual struts of this type of stent can cut into the medial 

of a patient to maintain the lumen of the duct or vessel open, tht^T t ves ^, w ^ Wuh ^ st f 1 wa » 

and more particularly to improvements in stent structures S^ife 5^ , I T° D ,tf 

stenting procedures, and processes for making stents. 10 ^o S t knife-h^ke Adeep cu m the vessel wall from such an 

Cta . ... , , , _ . edge during deployment of the stent can signal disaster. 

Stents are expandable vascular and endoluminal Even minor j or other abrasion of £ vessd ^ 

prostheses, usually employed to keep a particular site ,n the from these edges or protuberances provoke the healing 

blood vessels open and unoccluded, especially m the core- phen omena of smooth muscle cell hyperplasia, which leads 

nary and femoral arteries, following treatment such as t0 restenosis. Recent clinical data has shown also that the 

dilatation by balloon catheter angioplasty. But these devices restenosis rate with this t of stent fc fa (he f from 

are also quite usefu m other applications as well, such as m 2 5% to 35%, which lessens its advantage of rigidly against 

other tracts internally of the human body where an aid is radial compression. 

required at a target site to maintain the lumen open and ir • ' • ■ , . „ .... 

™„hc t n,^^ Cv! w t u . u u u •, . Also, since the stent is crimped onto an uninflated balloon 

unobstructed. Examples are the tracheo-bronchial system. „p „ k„h .u . c u . j , 

.i,<,i,ii:«.„, . .u u it. 7 ' 90 or a balloon catheter for subsequent deployment, any sharp 

; "J °Z em,theesophagealbowelsystem,and -° ed are one tQ e * ^ / J 

die urinary tract system, to general a vascular stent in time or durin ^ advancem J thr h the vesse , of 

fh™ fnl sufficientI h y. dimensjonaUy stable to keep duri depIoy * ent . If the balloon cannot * e (0 the 

the vessel and lumen open while resisting recoil of its elastic size tQ d ^ ^ because 0 £ 

wall that naturally occurs when the site withui the vessel or ^mK^™, uJ a * i i • ^ i u ^"^ 

luminal structure has been subjected to outwardly directed 25 7 15 /° ^ 

r ^ # . , 4 j ii_ t • /»t either unopened or only partly opened, it may not be 

nr Zr T^h T , . ^1 f' ^ P ossible t0 ** "lent. In that case, the stent will remain 

^dl nlSTn t,^ ? 'f^f f P y 6 Tu' in the bIood vessel as an ^fol f°«ign body, incapable of 

and to prevent an acute closure following dissection of the m „;„ t „;„;„„ „„ „„^„ i i i_f . . , 

vessel maintaining an open lumen, and possibly to ultimately cause 

....... , 30 com plete blockage of the vessel. If that were to occur in a 

In practice thus far, two types of stents have predominated coronary artery, it could lead to myocardial infarction, and 

for clinical vascular applications. One type, exemplified by potentially, death of the patient. In the case of loss of the 

a stent available . from Cordis Corporation, is fabricated from stent in a femoral artery, the result could also be total 

a round we kid into a zig-zag form, described more fully obstruction and result in a significant compromise of leg 

m U S Pat. No. 4,580,568. The other type is referred to as 35 blood circulation. We have observed clinical procedures 

the Palmaz-Schatz stent, manufactured from a longitudinal where the balloon ruptured because of the stent's sharp 

tabular element with b i narrow central lumen, as described in edges when the inflation pressure exceeded three atmo- 

European Patent EP 81-0221570. In the Palmaz-Schatz type, spheres 

the longitudinal metal tubular element is open at both ends Moreover; because the t , sfte in ^ j fa often 

and has rectangularly shaped longitudinally oriented open- d within the vessel or ^ of (he ie ^ ^ 

mgs m its wall that form a pattern of confluent intersectmg necessity t0 advance the stent balloon P cathet ' er through 

' a l°ng, often tortuous path of normal or diseased vessel, the 

These wire and tubular stents, as well as other types, are likelihood increases that sharp edges of the stent will cut into 

expanded to a larger diameter by application of radial forces arterial tissue and provoke an acute closure, or compromise 

directed outwardly from within the lumen of the stent by 45 or prevent advancement of the stent to the target site. Here 

inflation of a precision expansion balloon of a catheter on again, then, the stent must be adapted to enable it be 

which the stent is mounted. Typically, the balloon is coupled advanced on the balloon catheter in relatively smooth 

for inflation at the distal end of a catheter that may have unimpeded fashion through the vessel lumen to the prede- 

several lumens, such as to permit blood perfusion, guide termined target site a which it is to be deployed 

wire (rail) advancement, and other purposes as well as for 50 It fe also i mperat ive that the stent will expand radially and 

pressurizing (inflating) and de-pressunzing (deflating) the reliably in a s F ymmetr ic manner in response to the forces 

a 00n * exerted on its interior surface by the inflating balloon. 

In the case of a wire stent, such as that of the '568 patent, Several studies conducted by the applicants have shown that 

although the wire has a round cross section with relatively existing tube type stents all too often expand 

low risk of causing significant injury to the vessel wall, it 55 asymmetrically, despite application of homogeneous radial 

makes only line contact with the wall at each wire segment. forces by the expansion balloon. We have found that a 

More importantly, this type of stent lacks the radial strength significant part of this problem is that a considerable initial 

to resist forces of compression, and thus, is unable to force is required to induce primary bending of the struts (i.e., 

withstand elastic recoil of the vessel wall following expan- to overcome structural inertia), so as to displace them from 

sion thereof, such as after balloon angioplasty. As a result, 60 initial positions primarily parallel to one another into a more 

a wire stent may suffer a loss in lumen diameter in the vessel net-like or rhombic position. This initial force is higher than 

of up to about 30%. For example, the wall of a vessel whose that required for further expansion of the stent to a fully 

lumen has been expanded by balloon inflation to a diameter deployed position. 

of 4 millimeters (mm) can undergo recoil within days to a Typically, at least a few of the struts of the most popular 

diameter of 3 mm, despite implantation of a wire stent. 65 existing tube type stents remain in their parallel or substan- 

The Palmaz-Schatz stent described in the EP 81-0221570 tially parallel original positions during deployment of the 

patent has a relatively stiff structure with good resistance to stent, thereby forcing other struts to undergo overexpansion 
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with ongoing inflation of the expansion balloon, which 
causes asymmetric opening of the stent. The result is that 
some of the through holes in wall of the stent grow much 
larger than others, which lends them to accommodate inward 
protrusion of the vessel wall, impeding blood flow and 
causing turbulent in the region of the target or implant site. 
Ironically, this tends to induce restenosis which the stent was 
implanted to prevent. 

Several clinical investigations have focused on ways to 
assure symmetrical radial expansion of the stent. For 
example, reliable symmetric opening has been sought by use 
of a high pressure balloons, inflatable to pressures ranging 
from 12 to 20 atmospheres. But this has several drawbacks, 
such as requiring the use of a second balloon (the high 
pressure balloon) at the target site, and causing additional 
trauma to the vessel wall which may include tearing and 
dissectioning that induces restenosis. A study recently com- 
pleted at our clinic has shown that late lumen loss is 
proportionately greater when higher inflation forces are used 
to deploy the stent. Moreover, high pressure balloons are 
expensive (present-day cost ranges from about $600 to 
$1,000 per balloon), and like others, are not reusable. 

Restenosis can originate not only at openings within the 
stent but at either or both of its ends where a transition exists 
in the lumen, from a stiff metal prosthesis to a very elastic 
vessel wall. At the transition region, considerable mechani- 
cal bending force is applied to the vessel wall by the 
presence of the stent — prompting a vascular reaction that 
leads to restenosis. 

Although wire type stents, being more flexible, are less 
likely to cause this problem, they have the aforementioned 
inability to withstand vessel recoil. Moreover, the inad- 
equate support of the diseased vessel wall offered by wire 
stents has been shown by many dissections. Wire tends to 
provide line support, which is inferior to the support given 
by the thicker, rectangular shapes typically found in the tube 
type stents. Wire meshes, like asymmetrically expanded tube 
type stents, can have very large holes that encourage inward 
protrusion of the vessel wall, with the same undesirable 
results. 

All too frequently, the bending that occurs during expan- 
sion of known tube type stents causes twisting or torquing of 
at least some of their elongate strut members. In some 
instances, the twisting is attributable to weakness in the 
structure at locations where the struts are connected by 
bridges or bars of thicker or thinner cross-section, or where 
other regions of non-uniform thickness exist. When the 
struts become twisted, the vessel wall will be engaged by the 
stent, at least partly by the edge of the thin-walled (e.g., 
65-70 microns thick) tubing, instead of the wider (e.g., 140 
microns) side of the strut, with the aforementioned results of 
tissue or balloon membrane damage. 

Also, if the physician finds it necessary to insert a 
balloon-mounted stent through an already-deployed stent, 
the order of difficulty is considerably greater where the latter 
has a twisted structure since it creates a region of higher 
friction in the lumen. This increases the possibility that the 
edge of the stent being deployed will become hooked 
distally of the existing implanted stent. The problem can 
occur where the site of a dissection to be stented was 
inadequately identified by dye, so that incomplete coverage 
is afforded by the stent now implanted, leaving a distally 
unsupported dissected region. Within a short time, typically 
from 5 to 15 minutes, the unstable vessel wall condition and 
the need to place a second stent distally of the first will 
become visually apparent. 
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It is a principal aim of the present invention to provide a 
stent which is less likely than those of the prior art to injure 
the vessel or tract wall during advancement through the 
lumen thereof, or to rupture the membrane of the balloon 
5 during initial mounting or subsequently while advancing or 
inflating the balloon for deployment, which requires less 
force for expansion and which expands symmetrically, and 
provides better protection against restenosis. 

10 SUMMARY OF THE INVENTION 

According to the invention, a vascular or endoluminal 
stent includes a biocompatible hollow open-ended tube as 
the single member from which the entire stent is fabricated, 
and a multiplicity of openings through the wall of the tube 

15 shaped according to a plurality of serpentine elements in the 
wall that run circumferentially in juxtaposed substantially 
sine wave-like patterns. All patterns are of uniform multiple 
cycles, with adjacent ones of them offset from each other by 
a predetermined phase difference at interconnecting points 

20 between them about the circumference of the tubular wall. 
The patterns are uniformly displaced longitudinally along 
the axis of the tube. 

The phase difference at interconnecting points between 

95 adjacent longitudinally-displaced sine wave-like patterns of 
the serpentine elements is 180°, viewed as the offset between 
cyclical waves of the two, and each of the interconnecting 
points includes means in the form of circumferential notches 
between them to enhance crimping and symmetric expan- 

3Q sion of the stent on a balloon, or means otherwise adapted 
to exert relatively uniform radial outwardly-directed forces 
from within the tube. Each of the serpentine elements has a 
rounded cross-section, in particular an oval cross-section. 
The uniform longitudinal displacement of the circumferen- 

35 tial sine wave-like patterns is interrupted at least once along 
the stent's axis by transversely oriented serpentine elements 
that run longitudinally within the tube wall in juxtaposed at 
least partial sine wave-like patterns, and that serve to shape 
openings through the wall between them. Adjacent trans- 

4Q verse patterns are offset from each other by a 180° cyclical 
phase difference at interconnecting points between them 
along the tube's axis. These transversely oriented serpentine 
elements are adapted to maintain the length of the tube 
substantially invariant with radial expansion of the stent. 

45 In the stent, the phase difference at the interconnecting 
points between adjacent longitudinally-displaced ones of the 
sine wave-like patterns of the serpentine elements may 
alternatively be viewed as being less than 180° relative to the 
360° circumference of the tube and the number of sine 

50 wave-like cycles in each of the circumferential patterns. 
The tube, as structured with the serpentine elements and 
openings, is annealed, and has longitudinally tapered ends to 
more easily traverse the tortuous path typically encountered 
by the stent as it is advanced through the human vascular 

55 system to the target site at which the stent is to be deployed. 
Preferably, the wall of the tube is laser cut to cleanly form 
the openings and serpentine elements therein. Also, the tube 
is adapted for symmetric expansion of the stent by being 
pre-opened from its original production diameter to a second 

60 larger diameter which still falls well short of its fully 
deployed diameter on radial expansion. 

The stent tube has substantially rounded surfaces 
throughout, except at the notched points, and the transverse 
patterns are adapted to maintain the length of the tube 

65 substantially invariant during radial expansion of the stent. 
An expansion balloon may be inserted into the axial lumen 
of the tube so that the proximal and distal ends of the balloon 
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extend beyond the proximal and distal ends of the stent, and 
the stent then afi&xed to the balloon by partial inflation 
thereof. A catheter shaft connected to the proximal end of the 
balloon has a lumen for inflation of the balloon, and enables 
advancement of the stent on the partially inflated balloon in 5 
a vessel or tract of the patient to the target site, and enables 
deployment of the stent by further inflation of the balloon at 
the site. In essence, the balloon is inflated to a pressure in the 
range from 0.1 to 0.5 atmospheres, to distend the balloon 
sufficiently at the portions of its distal and proximal ends 
which extend beyond the respective ends after the stent is 
crimped on the balloon. The crimped stent is thereby 
retained firmly in place on the balloon and a cushion is 
created for protecting the stent and preventing it from 
contacting tissue during advancement through the vessel or 
tract to the target site. The tube is mechanically biased to 
substantially reduce inertial forces needed to be overcome to 
enable substantially symmetrical expansion of the stent 
during its deployment. 

In another respect, the stent of the invention may be 90 
viewed as a metal open-ended tube with a multiplicity of 
through holes in its wall encompassed by serpentines that 
constitute the wall, the serpentines extending sinusoidally 
each in multiple 360° wavelengths in a single turn about the 
axis of the tube and juxtaposed in plural substantially 25 
identical segments disposed with regularity along the axis. 
Each segment has a length equal to the distance between 
crests and troughs of the sinusoid, and adjacent serpentines 
are joined together at crest and trough, respectively, to be 
interconnected 180° out of phase relative to the wavelength 30 
of the immediately adjacent sinusoid. The tube is the single 
component of the stent, and its serpentines and interconnec- 
tions are shaped throughout for optimum uniform expansion 
of the stent during deployment. 

A process of fabricating such a stent includes cutting 35 
through a metal open-ended tube to form a multiplicity of 
through holes in the tube wall, encompassed by the serpen- 
tines that constitute the wall. The cutting produces serpen- 
tines that extend sinusoidally each in multiple 360° wave- 
lengths in a single turn about the axis of the tube and 40 
juxtaposed in plural substantially identical segments dis- 
posed with regularity along the axis. Each segment is made 
to have a length equal to the distance between crests and 
troughs of the sinusoid, in which adjacent serpentines are 
joined together at crest and trough, respectively, which 45 
makes the serpentines are interconnected 180° out of phase 
relative to their wavelength. 

The process further requires shaping the interconnections 
between adjacent serpentines which includes providing a 
notch substantially symmetrically located at either side of 50 
the junction of the respective crest and trough. Electro 
machining of the stent provides serpentines substantially 
devoid of sharp corners and edges, except at the notches, and 
gives each serpentine a substantially oval cross-section. The 
process also interrupts the regularity of the segments of 55 
serpentines at least once along the axis of the tube, to 
provide means for maintaining the length of the tube sub- 
stantially invariant despite radial expansion of the stent 
during deployment. 

A method of deploying the stent in a vessel or tract in the 60 
body according to the invention includes inflating an expan- 
sion balloon without a stent to a pressure in a range from 
about 0.1 to about 0.5 atmosphere to partially inflate the 
balloon, advancing the partially inflated balloon over a 
guidewire to the target site, and then retracting the balloon 65 
in an uninflated state, so as to ascertain that the passageway 
to the site will accommodate advancement of a stent 



crimped on a similar balloon inflated to substantially the 
same pressure. After the balloon is retracted, a stent is 
crimped on an expansion balloon substantially identical to 
the retracted balloon, the balloon is partially inflated suffi- 
ciently to distend its proximal and distal ends, as described 
above, without substantially expanding the stent diameter. 
Thereafter, the expansion balloon with the stent crimped on 
it is advanced to the target site, and the stent is deployed. 

In a preferred method of the present invention, the open- 
ings in the wall of the biocompatible hollow metal open- 
ended tube are precisely cut by a laser beam, to define the 
desired sinusoidal pattern of the stent elements. The laser 
beam is preferably very narrow — about 35 microns wide or 
less, is extremely accurate — within tolerances of 2 to 3 
microns, and is maintained motionless — except for being 
switched on and off as cutting is to commence and to cease. 
In the process, the tube is mounted as a workpiece to allow 
it to undergo controlled translation and rotation in three- 
dimensional movement produced by a known apparatus 
using a processor with computer-aided design (CAD) soft- 
ware. The programmed cuts in the wall with the laser beam 
not only enables precise definition of the stent pattern, but 
produces cuts that are virtually burr- and protuberance-free. 
Care must be exercised to avoid melting the material at the 
interior surface of the tubular wall, as well as unintended 
cutting of the opposite side of the tube wall, but these are not 
difficult safeguards with presently available laser cutting 
machines. This part of the process produces a relatively 
smooth stent structure even before special additional 
machining is employed. 

The latter process is electro-machining that automatically 
concentrates a high current sufficient to attack sharp edges 
and corners in the tube structure for considerably greater 
removal of material at those points than elsewhere. This 
results in a desirable rounding and smoothing of all sharp 
corners and edges which creates a rounded, preferably oval 
shaped cross-section of the remaining serpentine ribs of 
metal that surround the openings. By eliminating sharp 
edges, comers, and burrs in the stent, there is considerably 
less likelihood of injury to the vessel wall as the stent is 
advanced through the vascular system to the target site 
where it is to be deployed, or as it is deployed, as well as 
avoidance of damage to and even possible rupture of the 
membrane of the balloon on which the stent is crimped and 
deployed. 

In that regard, it will be understood that in practice, a 
guide catheter is inserted initially through the path of the 
vascular system to be followed by the balloon catheter- 
mounted stent. The path may be best described as tortuous, 
with curves, turns, and sharp bends likely to be encountered. 
Although the guide catheter is in place for most of the 
passageway, except into the specific designated site, such as 
a location in the coronary artery, any sharp edges or burrs on 
the stent could preclude injury-free traversal of this path, by 
puncturing, cutting, or tearing the guide catheter wall and 
then the vessel wall itself. 

In the electrolytic machining process for edge- and 
corner-smoothing, the partially completed stent is placed in 
an electrolytic bath and a voltage placed across the cathode 
and anode of the apparatus to produce current flow of 
sufficiently high magnitude to achieve the desired results. 
Preferably, the stent itself is used as the anode. The highest 
current density is present at the edges and corners of the 
metal in the pattern defined by the openings in the tubular 
wall, which results in much greater removal of material in 
those areas than elsewhere in the structure. Up to about five 
times more metal can be removed at the sharp edges and 
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corners than at more extensive planar surfaces of the struc- 
ture by appropriately selecting the time, increasingly 
adjusted current densities, distance between electrodes, elec- 
trode diameters, and nature (e.g., constituency) of the 
electrolyte, so that the edges and corners of the structure are 5 
nicely rounded. 

If the laser cutting leaves some burrs on the interior 
surface of the tube wall which are not fully removed because 
of the cage effect that inhibits electrolytic machining on the 
inside surface of the tube when electrodes are external to the 30 
tube, or if additional rounding of edges at the inside surface 
is desired, further electro-machining may be performed in 
which the cathode is a pin that protrudes inside the rube. 
Periodically, alkaline deposits in the bath arising from the 
process can be removed by adding acid to enhance the 15 
electrolyte, and then conducting further electro machining to 
produce a shiny, smooth surface throughout the stent. 

Animal studies conducted by the applicants herein have 
clearly demonstrated the importance of rounded elements in 
the stent, especially the ends and exterior wall surface, to 2 o 
enable easier advancement of the stent through the vessel's 
tortuous passageway. The arteries are elastic structures that 
undergo constant contractions and movement, which makes 
the rounding of even greater importance to avoid injury to 
this undulating vascular structure. 25 

The basic sinusoidal, sine wave, or sine wave-like pattern 
of the serpentine elements of the stent are created by the 
programmed laser cutting of the tube wall. In the preferred 
embodiment, openings are predetermined to form continu- 
ous serpentine ribs lying longitudinally or transversely in the 30 
tubular wall. The preferred configuration is one of generally 
circumferentially oriented serpentines or serpentine ele- 
ments extending sinusoidally about the axis of the tube in 
repeating, longitudinally displaced segments along the axis, 
encompassing the multiplicity of through holes in the wall, 35 
and thereby constituting the wall itself. The sinusoidal or 
sine wave-like pattern of each segment or row of serpentines 
along the stent axis is composed of multiple 360° wave- 
lengths or cycles of the metallic element in a single turn 
about the axis, preferably of uniform wavelength. 40 
Accordingly, the sinusoidal circumferential patterns are jux- 
taposed in plural, substantially identical segments disposed 
with regularity along the axis. Each segment has a length 
equal to the distance between crests and troughs of the 
sinusoid, and adjacent serpentines (i.e., adjacent rows of the 45 
patterns) are joined together at crest and trough, respec- 
tively. Thus, adjacent serpentines are interconnected — 
periodically joined — at points 180° out of phase relative to 
their wavelength. 

An alternative way of viewing this structure is that if, say, 50 
twelve cycles of the sinusoid lie in each segment, the 
adjacent serpentines are interconnected every 30 degrees 
(i.e., twelve times) in the full 360° circumference of the tube. 
The tube is the sole component of the stent, which makes its 
structure of critical importance to achieving the character- 55 
istics of ease of substantially uniform crimping onto a 
balloon, relatively low force radial expansion, and substan- 
tially symmetric opening upon deployment at a preselected 
site. The serpentines and their interconnections are shaped 
throughout the length and circumference of the tube wall for 60 
optimum achievement of these characteristics, which repre- 
sent a considerable advance over the prior art. Undesirable 
events all too often encountered in heretofore available 
stents, such as twisting of struts that can result in abrasion 
or cutting of the wall of the blood vessel (or other tract or 65 
duct in which the stent is to be deployed) or of the membrane 
of the expansion balloon, or asymmetric opening of the stent 



to offer inadequate support of the vessel wall and increased 
risk of thrombosis, are considerably less likely to occur 
during deployment of stents of the present invention. 

No welds or other special fasteners or questionable joints 
are present in this stent to interrupt its smooth, continuous 
structural pattern, which provides the strength and rigidity of 
tubular construction for desirable full support of the wall of 
the vessel or tract in which it is deployed, while offering 
reasonable yieldability for smooth crimping and expansion 
and flexibility for placement. In the latter respects, the 
interconnections of adjoining serpentines are preferably 
characterized by provision of circumferential notches at 
either side of the junctions between confronting crests and 
troughs about the juxtaposed segments, and the exterior 
surface of the wall of the tube is preferably tapered toward 
its open ends. 

The enablement of low force radial expansion of the stent 
when it is to be deployed is further assisted by subjecting the 
stent to pre-opening, which pre-stresses or mechanically 
biases it to eliminate a subsequent need to overcome the 
inertia of first time expansion during deployment. In this 
respect, the stent has a first production diameter (i.e., exist- 
ing at the outcome of the basic manufacturing process), and 
a second fully deployed diameter (i.e., to which it is radially 
expanded in the vessel at the target site). The pre-opening of 
the stent is performed after the basic manufacturing process 
has been completed, so that the stent as delivered for use has 
a third diameter intermediate the first and second but still 
considerably smaller than the second, which enables both 
ease of crimping and ease of radial expansion. 

For example, the initial diameter of the stent lumen may 
be 1.6 millimeters (mm). Pre-opening of the stent is per- 
formed by placing it over a rotating needle so as to increase 
the lumen diameter to a dimension preferably in the range of 
from 2.0 to 2.3 mm for vascular uses. A larger pre -opened 
diameter may be desirable for stent usage in other tracts. 
This extends the serpentines circumferentially in a uniform 
manner, causing them to flatten slightly and simultaneously 
expanding the openings through the wall into a slightly 
rhombic shape. The pre-opening process thus provides a 
useful test of the adequacy of likely performance of the 
device during deployment. If a stent fails to undergo sym- 
metric opening in this partial expansion, it will be deemed 
unworthy as a production device suitable for implantation, 
and hence, rejected. 

As one of the final steps in the fabrication process, the 
metal stent is annealed to provide it with additional radial 
strength without adversely affecting the longitudinal flex- 
ibility of the structure. The annealing step is preferably 
conducted after the pre-opening of the stent but may alter- 
natively be performed beforehand. 

The stent characteristics of ease of full and symmetric 
expansion remain despite an initial crimping of the stent 
onto the expansion balloon, either by the physician at the 
time the stent is being implanted, or by the manufacturer if 
a pre-assembly of the stent on the balloon is to be supplied 
for use. This highlights a further advantage of pre-opening 
the stent — namely, that the balloon is more easily inserted 
into the stent than would have been the case had the stent 
been left with its original diameter (basically, that of the 
starting tube). Also, if the serpentine structure is annealed in 
the pre-opened condition, the metal tends to be relaxed in 
that state. Before the crimping, the balloon is put under 
vacuum to assure a more complete securing of the stent on 
the balloon. Afterward, the balloon is partly inflated to 
stabilize the location of the stent intermediate the ends 
thereof as mounted on the balloon. 
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The importance of a symmetric opening of the stent as it 
is being deployed at the target site cannot be overempha- 
sized. With a stent according to the present invention, 
symmetric expansion is achieved with even low pressure 
balloons, at pressures in the range of from 6 to 8 atmo- 5 
spheres. A single balloon can therefore suffice for mounting 
of the stent, advancing it to the target site, and deploying it. 
The primarily longitudinal, flattened oval-like openings 
defined by the circumferential serpentine elements of the 
stent are readily shifted during deployment to a rhombic or 
net-like shape. Symmetric opening gives much greater like- 
lihood of a successful vascular stent deployment without 
injury to the vessel, with stabilization of the vessel wall, and 
with greater probability of avoiding restenosis. Results of 
corresponding importance are achieved with endoluminal 
stents for use in other tracts of the body. 15 

To provide the tapering of the outer diameter of the tube 
toward its open ends, the tube is polished in a smooth 
progression from its mid -section. This gives it improved 
flexibility at the ends and greater compliance with the wall 
of the vessel at the implant site. The uniform diameter of the 20 
tube's axial lumen is substantially unchanged throughout its 
length by this process, so as to avoid impeding or creating 
turbulence in the blood flow that might otherwise cause 
thrombus formations. 

The stent of the present invention is adapted to automati- 25 
cally compensate for a reduction in its length otherwise 
occasioned during deployment by radial expansion. In 
essence, the stent is provided with means for maintaining its 
length invariant despite the opening of its diameter. The 
preferred means for performing this function comprises 30 
serpentine elements structured to undergo a change in length 
in a direction opposite that caused by the partial flattening of 
the circumferential serpentines with the increased diameter 
of the stent. Alternative means could include, for example, 
the use of selected thinner-walled regions to facilitate 35 
unequal movement of members for length compensation 
purposes. While no particular difficulty is encountered to 
fashion elements of different thicknesses a the same time 
that other features of the stent design are constructed, by use 
of a 3-D workpiece and CAD-2 controlled laser system, in 40 
the preferred embodiment serpentine elements are provided 
in the tubular wall in transverse orientation relative to that 
of, and in at least one location intermediate, the circumfer- 
entially running serpentines, as the compensating means. 
The transverse serpentines are connected to selected points 45 
of the most closely adjacent circumferential serpentines and 
are also of sinusoidal pattern, but run longitudinally and are 
separated from one another at predetermined points about 
the circumference of the tube. The selected separations 
avoid imposing constraints on the diameter of the stent at the 50 
location of the transverse elements during expansion of the 
stent, but do not substantially affect the rigidity of the stent. 
During crimping of a stent with such length-compensating 
means onto a balloon, additional care is required for uniform 
crimping of unconnected portions of the compensating sec- 55 
tions. 

The stent's automatic maintenance of substantially its 
original length during deployment makes it unnecessary for 
the physician to pre-calculate or otherwise determine 
changes in length of the stent to assess adequacy of coverage 60 
of the affected tissue at the target site in the vessel. 
Additionally, the length-compensation feature lessens the 
likelihood that two stents must be implanted end-to-end 
where, but for a change in length, a single stent of standard 
length would suffice. 65 

Further distinctions of the present stent from prior art 
stents include the following. Comparing the preferred 



embodiment with wire stents, the width of the support 
structure elements — here, the serpentines — is about 140 
microns, with twelve full wavelengths or cycles in each row 
about the circumference of the tube. Hence, the total area of 
support afforded by the present stent is much greater than 
that provided by a wire stent with its typical four or five wire 
segments about the periphery. Further, the support offered 
involves more than simply the width of the wall elements. 
For example, if each serpentine has a width of 140 microns 
and a thickness of 70 microns, the width to thickness ratio 
is a factor of 2:1, with achievement of full mechanical 
strength. The diameter of the wire in a typical wire stent of 
the type referred to above is in a range from about 150 to 180 
microns. The coronary arteries have diameters as small as 
2.0, 2.5, or 3 mm. The tubular wall thickness (and therefore, 
the individual element thickness) of the present stent can be 
significantly increased without loss of its lumen size advan- 
tage over the wire stent. For example, the difference between 
the wire diameter (doubled, as the thickness occupies "both 
sides" — actually the entire surface of the vessel wall, when 
viewed in a cross-section through the vessel's lumen) and 
the serpentine's thickness (also doubled) is about 200 
microns (or 0.2 mm), which may range from about 6% to 
about 10% of the total diameter of the vessel. The stent of 
the present invention thus offer a substantial advantage in 
size of passageway for blood flow over that available with 
the typical wire stent, and would continue to do so with 
increase in wall thickness of up to 100 microns. 

Compared to tube-type stents currently in common use, 
the present stent does not use a system of parallel longitu- 
dinal struts and connecting bridges — instead, using serpen- 
tines of sinusoidal pattern running circumferentially — nor 
have rectangular openings in the tube wall as with the prior 
stents, instead producing a rhombic, net-like structure. 
Rather than having elongate members joined by distinct bars 
or bridges, the present stent's serpentines enjoy periodic 
smooth interconnection in an integrated structure, with 
circumferential notches to facilitate both crimping and radial 
expansion. Cross-sections are rounded, preferably oval- 
shaped, rather than sharp. Additionally, because the present 
stent is provided for use in a pre-opened condition or state, 
and no intersecting elongate members as such are present, a 
slightly spring-like reaction occurs when the stent is 
crimped, but the stent undergoes smooth and symmetric 
expansion with no undesirable elastic recovery during 
deployment. At points of interconnection between adjacent 
serpentines, considerable pressure may be exerted to firmly 
crimp the stent on the balloon without concern for the sharp 
edges often found in prior art stents that might cut into the 
balloon's membrane. 

In preparation for implantation, the stent is crimped on 
and intermediate the ends of a deflated expansion balloon, 
and the balloon is then inflated to a pressure of from about 
0.2 to about 0.4 atmospheres, sufficient to distend its end 
portions that extend beyond the respective ends of the stent 
without substantially expanding the crimped stent thereon. 
This technique of firmly attaching the stent on the balloon 
serves several purposes. First, any slipping or dislocation of 
the stent relative to its initial crimping site is avoided both 
before and during advancement to the target site in the vessel 
or tract. Firm retention is important here because the stent is 
not very visible during the procedure, reliance being placed 
instead on the position of a radiopaque marker dot on the 
balloon which is visible by X-ray and identifies the original 
relative location of the stent. Inaccurate placement of the 
stent for deployment will occur, however, if the stent slipped 
along the balloon during the journey to the target site, with 
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resultant failure to cover the full site of the injured tissue, DETAILED DESCRIPTION OF THE 

leading to a need to implant a second stent or leaving a prime PRESENTLY-PREFERRED EMBODIMENT AND 

site for restenosis. METHOD 

Second, the slightly inflated end portion of the balloon n c . , , „ , , . . 

ahead of the crimped stent prevents the stent from cutting 5 Bef ° fe ? m f enCing the detailed descn P tlon > several 

into arteriosclerotic vessel portions as the stent is advanced comments should be made regarding the Figures of drawing, 

to its target site. Third, if an inability to advance the stent to The drawm S s are not intended to be to scale. Where 

its final destination is encountered, such as because of very appropriate, the representations are simplified, such as in 

sharp bending of the arteries, the stent can be retracted into FIG - 1A, tne omission of the other side of the stent which 

the guiding catheter, protected by the other slightly inflated 1Q could obviously be seen in this view but would unnecessar- 

end portion of the balloon, without substantial risk that the ily clutter and obscure the portion of interest, and in FIG. 

stent will be stripped from the balloon and left in the 2A, the detail supplied in only a part of the stent although it 

vascular system, possibly leading to infarction. will be understood that the same pattern would be present 

In a preferred test run, an expansion balloon without stent throughout. In some instances, the Figure or a portion 
is partially inflated to a predetermined pressure such as the thereof is exaggerated for emphasis. 
0.2 to 0.4 atmosphere range, is then advanced over a 15 Referring to FIG. 1, a prior art wire stent 10 is illustrated 
guidewire to the target site, and then depressurized and in side view in part A of the Figure, and the round cross- 
withdrawn m the unmflated state from the site and from the section throtlgh an individual wire 12 0 f the stent is shown 
vascular system. If the path is found by this method to be in t B m ^ u are interconnected in a zi 

2S? n?^rSl?%TC?P i? ^ fiTJ tf Wlth K a ,0 P altera sirailar to that of a chai ^ k ^ ™* for fences 

stent on a substantially identical balloon inflated to a sub- 20 -ru • j- ♦ • i . ^ • . « « 

stantially identical pressure with greater assurance of its ^ Wlrc dl > meter » ^ but despite this, there is only what 

success amounts to line contact between the individual wires and the 

tissue of the vessel wall when the stent is fully deployed. 

BRIEF DESCRIPTION OF THE DRAWINGS Some of the disadvantages of wire-type stents have been 

The above and still further aims, objects, features, aspects 25 described above, 

and attendant advantages of the present invention will In FIG. 2, part A, a tube-type stent 15 is fabricated from 

become apparent from the following detailed description of tubing 16. A plurality of parallel, longitudinally oriented 

a preferred embodiment and process of manufacture thereof struts 18 (in the unopened state) interconnected by bars or 

constituting the best mode presently contemplated of prac- bridges 20 at intersections of the struts define a multiplicity 

ticing the invention, when taken in conjunction with the 30 of through-holes 21 in the wall of the tube. Greater detail 

accompanying drawings, in which: may be seen in the fragmentary portion of FIG. 3, although 

FIG. 1A is a perspective view primarily from the side, and there the P art is in the opened state. Part B of FIG. 2 

FIG. IB is a cross-section of an individual wire, of a illustrates the rectangular cross-section through a strut 18. 

wire-type stent of the prior art; Here, also, the drawbacks of this currently highly popular 

FIG. 2Ais a partial perspective view, primarily from the 35 tyP e of stent have been discussed above, 

side, of a prior art tube-type stent, and FIG. 2B is a However, one of the more critical aspects of the stent of 

cross-section of an individual strut thereof; F* G - 2, namely, its ability or inability to open symmetrically 

FIG. 3 is a fragmentary perspective view of a portion of during deployment, is graphically illustrated in the fragmen- 

the prior art tube-type stent of FIG. 2A, during expansion for tar y diagram of FIG. 3. Common elements in these and 

deployment in a vessel; 40 others of the Figures are represented by common reference 

FIG. 4A is a perspective view of the prior art tube-type numbers. As shown in FIG. 3, stent 15 is in process of being 

stent of FIG. 2A in its expanded state, and FIG. 4B is a deployed. As a consequence of structural deficiencies of the 

cross-section view through a vessel with that opened stent; stent of this exam P le > upon expansion of the diameter of the 

FIG. 5A is a side view of a vascular or endoluminal stent St< f . unde / pressure . ex f { f on / ils * nteri ° r surface b ? 

according to the present invention, in a pre-opened state for 45 inflaUon of an e * P^ 81011 balloon ( not shown ) 0 * ^ich the 

use; and FIGS. 5B and 5C are cross-sections through a f c ent 1S minted, at .least the initial parts of two of the struts 

serpentine illustrating preferred and alternative shapes; 18 ! namel y 19 and "J l his exam P le > have undergone 

Kin t v „ .t • tsi 1 f j ,t • twisting or torqumg. This deformation has exposed virtually 

HG. 6 is a diagram partly m block form and partly in tUa .„JL i_7w ~e *u a h r , V 4 ( in * 

1 p J r . - r • tne entire length of the thin edge 23 of each of struts 19 and 

schematic representation form, of apparatus for performing ~~ . „ 4 . , . 

T -. T ^_. ' . t «. . . . . deployed or the external surface of the membrane of the 

HG. 7 B a flow chart of the basic stent fabrication process e ion balloon ^ twisti 0CCUK „ ^ ^ 

of the invention, exclusive of the pre-openmg of the stent; of the stent at pressures between 2 aad 4 atmosphe re S . 

FIG. 8 is a side view of a stent mounted on a balloon, with 5S If a few of the strut such as onl tWQ (0 fouf of , he slruts 

an exaggerated phantom portion illustrating the technique of underg0 twisting> the remainmg stmts will stay in a prima . 

the invention ot partial inflation of the balloon to expand its rilv parallel confi 

guration. That is, some of the struts are 

ends for retention and delivery of the stent for deployment; extended from ^ ^ positions? wMe faave 

FIG. 9 is a perspective view of a stent illustrating incor- t0 open . ^ struts that have yielded ^ tend t0 continue t0 

poration of length compensating means into the stent struc- 60 do SOj which in tura tends t0 keep the others unop e ne d. 

ture ' Further increase in balloon size and pressure will open the 

FIG. 10 is a diagrammatic representation of length exten- already deformed and twisted segments even more, resulting 

sion versus length contraction in the structure, to illustrate in a considerable and dramatic unequal and non-uniform 

compensation performed by the structure of FIG. 9; opening of the individual stent struts, graphically illustrated 

FIG. 11 is a fragmentary side view of the stent of FIG. 5, 65 in FIGS. 4A and 4B. The stent 15 (FIG. 4A) is misshapen as 

illustrating the taper in the outer diameter of the stent from some of the struts such as 24 have undergone little move- 

the mid-section thereof toward either end. ment or extension, while others such as 25 have therefore 
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been caused to overextend and twist in the manner shown in 
FIG. 3. In FIG. 4B, the cross-section through the wall of the 
vessel in which the stent is deployed or being deployed 
reveals that a cluster 27 of the struts remain substantially 
unopened, while the other struts 28 are primarily overex- 5 
tended. The holes 21 in the stent will therefore also have 
assumed various non-uniform shapes and sizes as a result of 
the asymmetric expansion. While it is certainly possible that 
this stent as deployed may not cut or abrade tissue or 
puncture the expansion balloon, it appears to be destined to 
produce deformation of the vessel wall, and to create tur- 10 
bulence in the blood flow through its region of the vessel 
which can produce thrombus formation. 

Referring now to FIG. 5 A, a stent 30 designed and 
fabricated according to the present invention, is shown in a 
pre-opened state as it would be supplied in volume to 15 
hospitals, medical centers, clinics, and other appropriate 
facilities for implantations by physicians. Stent 30 is con- 
structed from a hollow biocompatible metallic tubular struc- 
ture or member 31 (shown in phantom). The tubular member 
is provided with a multiplicity of openings 33 through its 20 
wall 34 which define the stent configuration. The openings 
33 are precisely cut, for example, within a tolerance of 2 to 
3 microns, by a narrow laser beam, on the order of 35 
microns or less. 

According to the invention, the biocompatible hollow 25 
open-ended tube 31 is the sole member from which the 
entire stent is fabricated, and the configuration defined by 
the multiplicity of openings 33 through the wall comprises 
a plurality of serpentine elements 35, 36, 37, 38, and so 
forth, in the wall that run circumferentially in juxtaposed 30 
substantially sine wave-like or sinusoidal patterns. All pat- 
terns are of a uniform number of multiple cycles — six in this 
exemplary embodiment (i.e., one cycle constitutes a full 
wavelength or 360° of the sinusoid — for example, from the 
crest 40 to the adjacent crest 41 in serpentine 35, but there 35 
are effectively two portions, e.g., 43 and 44 in each 
wavelength). A 360° wavelength of the sine wave is not to 
be confused with the 360° circumference of the stent tube. 
Adjacent ones of the serpentines, such as 35 and 36, are 
offset from one another by a predetermined phase difference 40 
at periodic interconnecting points such as 46, 47, and 48 
between them about the circumference of the tubular wall 
34. The patterns are uniformly displaced in juxtaposed 
segments or rows longitudinally along the axis 50 of the 
tube, and these segments may be viewed as occupying a 45 
length of the tube substantially equal to the distance between 
the crest and the trough of the respective serpentine, such as 
from 40 to 47 in the case of serpentine 35. 

The phase difference at interconnecting points such as 48 
between adjacent longitudinally-displaced sine wave-like 50 
patterns of the serpentine elements, such as 35 and 36, is 
180°, viewed as the offset between cyclical waves of the 
two. This phase difference may alternatively be viewed as 
being less than 180° relative to the 360° circumference of 
the tube and the number of sine wave-like cycles in each of 55 
the circumferential patterns, such as 30° for the number of 
cycles of the sinusoidal pattern in the exemplary embodi- 
ment of FIG. 5A. 

Each of the interconnecting points, such as 52 between 
serpentines 37 and 38, includes means in the form of 60 
circumferential notches such as 53 and 54 at either side of 
the respective interconnection to enhance crimping and 
symmetric expansion of the stent on a balloon, or means 
otherwise adapted to exert relatively uniform radial 
outwardly-directed forces from within the tube. Each of the 65 
serpentine elements has a rounded cross-section, preferably 
an oval cross-section as shown in FIG. SB for serpentine 35. 



Preferably, the flattened, closed, substantially oval-shaped 
openings 33 are sized in a range of ratios of length to width 
of from 4:1 to 10:1. The length of each opening 33 is 
typically in a range from about 2.0 to about 4.0 mm, and the 
width in a range from about 200 to about 300 microns. The 
width of each serpentine rib 38 is preferably from about 120 
to about 240 microns, and the thickness in a range from 
about 65 to about 100 microns depending on the specific 
point of along the length of the stent at which the measure- 
ment is taken, if the thickness of the tube wall is varied from 
middle to each end to taper the outer diameter of the stent 
toward the ends. 

Each end 55, 56 of the tube 31 is a series of undulations 
in the sine wave-like pattern of the serpentine occupying that 
respective segment in the basic stent structure of the inven- 
tion. 

Although an oval cross-section of the serpentines (shown 
in FIG. 5B) is preferred, produced in part as a result of 
electro machining to be described below, the serpentines 
may have a different rounded cross-section if desired. For 
example, they may be shaped by the laser cutting and 
subsequent electro machining to be similar to an erythrocyte 
or a bone, rounded but with narrower mid-section and 
thicker ends, as shown at 57 in FIG. 5C. Laser machining 
processes can also be used not only to cut out the shapes of 
the openings but also to narrow the mid-portion of the width 
of each rib in that manner. Such shapes enhance the flex- 
ibility and thereby ease of advancement and extension of the 
stent within the vessel, without adversely affecting the 
dimensional stability of the stent that assures its ability to 
withstand compression in response to recoil of the vessel 
wall. 

As shown in FIG. 6, the apparatus 59 for producing the 
openings 33 and the serpentines such as 35 associated with 
them in stent 30 includes a laser 60 controlled by a CAD 
processor 62, and a worktable 64 adapted to produce 
3-dimensional movement of a workpiece along or about at 
least three distinct axes, X, Y, and Z. In particular, the laser 
is oriented to direct a laser beam 65 upon a workpiece for 
program-controlled cutting and machining thereof. Here, the 
workpiece is moved along or about the axes, and the laser 
beam is held fixed on the space occupied by the workpiece — 
except for being switched on and off as cutting is to 
commence and to cease. 

In this process, the tube 31 which is the starting material 
for stent 30 is mounted as the workpiece in apparatus 59 to 
allow it to undergo controlled translation and rotation in 
three-dimensional movement. The movements of tube 31 
are controlled by a program developed to achieve the 
serpentine patterns of the stent 30, while the laser beam 65 
is switched on and off as necessary to produce the pro- 
grammed precision cuts in the wall 34 of the tube. All cuts 
are made within time intervals and tolerances necessary to 
complete the cutting of the openings 33, including the partial 
openings at both ends 55, 56 of the tube, and thereby the 
cutting of the serpentine patterns, substantially free of burrs 
and protuberances. The resulting partially completed stent 
30 is a relatively smooth structure as a result of its process 
of fabrication, but according to the invention, further 
machining is performed to eliminate all sharp edges and 
corners of the structure. 

To that end, the partially completed stent is subjected to 
electro machining by an electrolytic process, such as that 
available through AVT Corporation of Germany. 
Alternatively, similar results may be possible with electrical 
discharge machining. In the electrolytic process, the par- 
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tially completed stent is immersed in an electrolyte bath as stainless steel, such as 316L stainless steel, tantalum, 

the anode, and a voltage is applied across the stent and the titanium, platinum, and iridium. Even a suitable polymer of 

cathode to produce a high current density — up to several appropriate physical, mechanical and X-ray characteristics 

hundred amps at a mean rate of 15 seconds for the internal may be used, subject to the availability of a substitute 

and external surfaces of the tube — through the electrolyte. 5 process analogous to electro machining — which would not 

The heaviest concentration of current density is at the work for a non-metal — to round the corners and sharp edges 

discontinuities of the stent structure, i.e., sharp edges, sharp of the partially processed stent. The pre-opened stent is 

corners, burrs, projections, and the like, which removes depicted in the structure of FIG. 5, and this form as annealed 

metal at those points and regions at about five times the is the preferred form of device delivered for implantation by 

removal rate for large planar regions. the physician, except for the inclusion of length compen- 

Both internal and external surfaces of the tube wall are sating means to be described presently, 

subjected to the high current, the latter by inserting the The fabrication process employed to produce the basic 

cathode into the axial lumen of the tube as the anode. The stent as described thus far, is illustrated in the flow chart of 

electrolyte is of known type that will not boil while sup- FIG - 7 > which requires no further explanation, 

porting current densities necessary to produce uniform 15 Alternatively, the completed stent 30 may be pre-mounted 

rounding of the stent structure. As a consequence of this on a balloon 67 of a catheter body 68, as shown in FIG. 8, 

action, the stent structure is rounded and smoothed at all of and delivered in a sterile package as a complete assembly 

its corners and edges. Further, by replenishing acid in the read y for use b y the physician. The principal advantage of 

electrolyte depleted by the processing, followed by addi- such an assembl y is that i{ eliminates the need for skill in 

tional electro machining, a shiny, smooth surface is provided „ n cnm P in S the stent onto the balloon, which requires sufficient 

over the entire stent structure. * experience to avoid damage to the balloon by an overly tight 

A# iU . . . . . , ~ A . , cnmp, or the possible separation of the stent or injury to the 

At this point m the processing, the stent 30 is composed WC J { wall b / an overl ^ stent ^ pre _ mouo J ted y device 

of a plurality o^ ^continuous serpentines juxtaposed along the need simply be unpackaged and used £ implant the stent 

tube m cncumferentially extending sinusoidal patterns that However, each patient differs from the next insofar as vessel 

surrounding respective groups of the openings 33 in a 25 d i ame ter and condition are concerned, which may necessi- 

completely smooth, rounded metal structure, essentially as tate the use of different balloons despite the possibility that 

shown in FIG. 5A. However, FIG. 5A is also intended to the same type of stent could be employed in each case, 

illustrate the pre-opened characteristic which is an important Indeed, twenty different types of balloons, for example, 

part of the stent fabrication process. The circumferential might be usable with a single type of stent. The availability 

notches 53, 54 at confronting midpoints of the interconnec- 30 of an expansion balloon of particular dimensions and char- 

tions such as 52 (FIG. 5 A) of respective crests and troughs acteristics with a stent also of particular dimensions and 

of the adjacent serpentines are of special importance for an characteristics each time a procedure is to be performed 

equal and symmetric opening of the stent and also to allow could require a considerable inventory of different pre- 

a firm crimping of the stent onto the uninflated balloon. To mounted stent/balloon assemblies. 

that end, the notches my be protected from subjection to the 35 Moreover, it may happen that the same type of balloon — 
electro machining process to prevent them from being of medium compliance — can be accommodated by a vessel 
overly smoothed, or may be recut after that portion of the of 2.5 mm or one of 3.2 mm, simply by inflating to higher 
process. pressure. Also, some balloons are more amenable to 
On completion of the electro machining portion of the advancement or retraction through sharp bends in the vessel 
stent fabrication process, the stent is opened to a limited 40 lumen but do not tolerate high pressures, while other bal- 
extent to eliminate the inertia that prevails with a first-time loons have greater stiffness and ability to withstand higher 
expansion of the stent. This partial expansion, termed the pressures. Therefore, to customize the therapeutic decision 
"pre-opening" of the stent herein, is effective to relieve on an individual basis, it is preferable for the physician to 
stresses or to pre -stress the overall structure. In effect, the have available stents which can be selected individually and 
tube is mechanically biased to substantially reduce the 45 mounted on a desired type of balloon, also selected 
forces needed to overcome inertia and to enable substan- individually, based on the physician's familiarity with each 
tially symmetrical expansion of the stent during its deploy- and desire to provide the optimum results for a particular 
ment. If the initial outer diameter of the lumen of the stent patient and vascular structure and condition. Consideration 
is 1.6 mm, which in any event should correspond to the outer of balloon characteristics including size, construction, mem- 
diameter of the starting tubular material, the pre-opening 50 brane material and other properties, and other specific 
expansion process may consist substantially of positioning patient factors including implant target site, vessel sizes, 
the stent on a rotating needle (not shown) which operates to length of the tissue region to be treated, and so forth, will be 
increase the lumen diameter so that the outer diameter of the part of the selection process. 

pre-opened stent may be at any of a continuum of prede- Whether supplied unmounted, or pre-mounted on a 

termined dimensions up to that corresponding to the largest 55 balloon, the stent after crimping onto the selected balloon 

diameter available using the rotating needle. Preferably, for should have an outer diameter ranging from about 0.9 to 

a starting diameter of 1.6 mm, the pre-opened diameter is at about 1.2 mm. When fully deployed in the vessel at the 

the lower end of the range from 2.0 to 2.3 mm. In any event, target site by inflation of the expansion balloon, its outer 

the pre-opening should result in an inner diameter of the diameter will typically lie in a range from about 2.5 to about 

stent which allows the stent to slide comfortably over the 60 5.0 mm, with a maximum of about 6.0 mm. Final deployed 

uninflated balloon, and then to crimp the stent onto the diameter, of course, must be adequate to assure retention of 

balloon. the stent in the vessel in firm contact with the vessel wall 

The annealing of the stent at this point in the overall stent (and, if desired, even partly imbedded in the vessel wall to 

fabrication process is performed by heating the serpentine present a relatively smooth continuous lumen to lessen the 

structure to a temperature that depends on the material from 65 possibility of blood flow turbulence), 

which the original tube was produced, for a predetermined The dimensions of the serpentines and of the openings 

interval of time. Suitable materials include medical grade between them in the tubular wall of the stent, as well as the 
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characteristics of the balloon, will ultimately determine the 
minimum diameter to which the stent may be crimped on the 
balloon—typically, 1.0 mm — and the maximum diameter to 
which the stent may be dilated by the balloon during 
deployment — typically, 6.0 mm (inner diameter). 

The stent may be produced in lengths ranging from about 
5.0 to about 25.0 mm. But stents of the various prior art 
types are typically supplied in two standard lengths, one of 
which is toward the lower end of the range (e.g., a length of 
about 8.0 to about 9.5 mm) and the other in the mid to higher 
end (e.g., a length of about 15.0 mm), because the expansion 
balloons for deploying the stents are customarily available in 
a length of either about 10 mm or about 20 mm. Other stent 
lengths are available on a custom basis, but occasionally it 
is necessary to implant two stents actually or virtually 
abutting each other when the length of the injured tissue at 
the target site is greater than accommodated by a single 
available length, or because the stent length is limited by a 
need for sufficient flexibility to be advanced through the 
vascular system to the target site. 

Referring again to FIG. 8, for purposes of implanting the 
stent according to the invention, the stent 30 is crimped on 
expansion balloon 67 with the balloon under vacuum, and 
then the balloon is initially inflated to a pressure of from 
about 0.1 to about 0.5— nominally, 0.2— atmospheres. The 
specific pressure selected should be sufficient to partially 
inflate and distend the balloon at its distal and proximal ends 
which extend beyond the respective ends of the stent (by 
proper selection of stent and the balloon lengths as illus- 
trated by exaggerated bulbous or distended ends 66 and 69 
of the balloon shown in phantom), but insufficient to expand 
the diameter of the stent as crimped on the balloon. With this 
slight inflation at its ends, the balloon provides a desirable 
cushion to protect the stent, to prevent it from being 
dislodged, and to keep it from scraping the vessel wall 
during advancement to the target site, by retaining it firmly 
centered along the balloon's length, as well as for other 
purposes mentioned earlier herein. 

In practice, a slightly inflated balloon (to about 0.2 
atmospheres pressure) — without stent — is advanced over 
the guidewire to the target site in the vessel where the stent 
is to be deployed. This "dummy" balloon is then depressur- 
ized and retracted from the vascular system and from the 
guide catheter. The purpose of this exercise is to ascertain 
that the target site is accessible through this path with a 
partially inflated balloon. If the access is achieved, the 
physician knows that a stent crimped on the balloon, which 
is then partially inflated as described above, can also be 
advanced to the target site. In part, this is assured because, 
given the same inflation pressure, a balloon without stent has 
a larger diameter than when it carries a crimped stent. 

The proper inflation pressure for the balloon for this 
purpose depends to a great extent on the composition and 
characteristics of the balloon membrane — for example, 
whether it is polyurethane, polyimide, or some other 
material, whether it is highly flexible or somewhat stiff, and 
its length. Also, the physician should visually inspect the 
assembly of the stent crimped on the balloon before it is 
inserted and advanced in the vessel, to determine how it 
behaves with the lowest pressure deemed suitable for stent 
retention. If the pressure gauge is inaccurate at the low 
pressures of from 0.1 to 0.5 atmosphere, the physician must 
determine the "right" pressure empirically, by look and feel, 
which requires some experience in using and implanting 
stents. 

Another advantage of partial inflation of the balloon for 
delivery of the stent is that the mounted stent is readily 
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withdrawn if problems — such as sharp bends in the vascular 
path — are encountered during attempted advancement. In 
contrast, if the stent is being retracted while crimped on an 
uninflated balloon, extreme care is required to assure that the 

5 stent will not be dislodged while moving through the coro- 
nary artery are any other curved portion of the path through 
the vascular system, or when retracting the balloon and the 
stent into the guiding catheter. The edge of the stent may, for 
example, hook into the opening at the distal end of the 

[0 guiding catheter. But if the stent is retained at approximately 
the middle of the partially inflated balloon, it is more easily 
withdrawn without incident. This rescue maneuver is crucial 
to prevent the loss of an unopened stent, especially in a 
coronary artery; otherwise, the patient's hemodynamic con- 

L5 dition could deteriorate rapidly and death could ensue during 
the procedure. 

As a stent is deployed by steadily increasing the inflation 
pressure to the expansion balloon, the diameter of the stent 
will slowly increase with expansion of its lumen. This 
20 causes a reduction in the length of the stent, which ordinarily 
occurs with any stent design, and which must be factored in 
to determine in advance whether sufficient coverage of 
injured tissue at he target site will be achieved using a single 
stent. According to the present invention, means are pro- 
25 vided by which the stent undergoes an automatic controlled 
extension of its length to compensate for the shortening of 
its length that would ordinarily occur when its lumen 
diameter is expanded. 

This is achieved by incorporating into the stent, elements 
30 which undergo a change that leads to a measured increase in 
the opposite direction. In the preferred embodiment, shown 
in FIG. 9, the uniform longitudinal displacement of the 
circumferential sine wave-like patterns is interrupted at least 
once along the stent's axis by transversely oriented serpen- 
35 tine elements 70 that run longitudinally within the tube wall 
in juxtaposed at least partial sine wave-like patterns such as 
71, 72, and that serve to shape openings such as 73 through 
the wall between them. Adjacent transverse patterns are 
offset from each other by a 180° cyclical phase difference at 
40 interconnecting points between them along the tube's axis, 
using the same analysis as was applied in the case of the 
circumferentially extending serpentines of FIG. 5A. These 
transversely oriented serpentine elements are adapted to 
maintain the length of the tube substantially invariant with 
45 radial expansion of the stent. To that end, they are connected 
to adjacent points of the circumferential serpentines, as at 75 
and 76, but unconnected at their own crests (or troughs) so 
as not to constrain the diameter of the stent at those points. 

This length-compensating effect may be seen by reference 
to analogous triangles of the diagrammatic representation in 
FIG. 10, which may be used as a mathematical model for 
calculation. Triangles 70, 79 represents related ones of the 
transverse and circumferential serpentines of FIG. 9, con- 
nected at point 76. As the short segment 88 of triangle 79 is 
extended (by a length 80, consistent with the stent being 
expanded in deployment), so is the short segment 82 of 
triangle 70 (by a length 87). The dimensions of the trans- 
verse serpentines relative to the cirumferential serpentines 
should be set such that length extension 87 matches the 
contraction of the length of segment 81 (corresponding to 
the long axis of circumferential serpentine 79) to new length 

sr. 

At a desired point in the fabrication of the stent of the 
invention, preferably after the openings 33 have been cut to 
form the serpentine structure and the electro machining has 
been performed, the stent may be polished to provide it with 
a taper 85 (FIG. 11) of its outer diameter 86 by removing 
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sufficient material from the outside surface of the tube wall to maintain an open lumen therein, comprising the step of 
progressively from its mid-section 90 to each end 91, 92. For laser cutting a biocompatible hollow tube to form a multi- 
example, the taper may be sufficiently pronounced to make pHcity of openings through an open-ended tubular wall 
the wall thickness 65 microns at each end, and a larger thereof while simultaneously forming a plurality of serpen- 
dimension in a range from 75 to 90 microns at the mid- 5 tine elements in the wall running circumferentially therein in 
section of the stent, with smoothly varying wall thickness. juxtaposed substantially sine wave patterns of uniform mul- 
SltErf ?h * * JT 18 £ li P le wavelenglhs, with adjacent ones of said patterns tan- 

fnZwn, ST r *° A' T *f T^f g enliall y each other and interconnected directly 

longitudinal variation in outer diameter of the stent allows * ^ u . t f t t - , , . , . . % 

the stent to adapt itself to proper compliance with the vessel 10 V f 1 ? °f Tk i 0 nf ^ 

wall, with greater flexibility at the ends, without relinquish- 0fi&et ea ;* other ^ 18 ° degrees about the circumfer- 

ing the rigidity afforded through the mid-section of a tubular enc r e of the tubular waU ' said ad J acent P atterns arra *g e d in 

wall. As a result, bending stresses that would otherwise uniform longitudinally displaced segments along the axis of 

occur at the ends of the stent on the vessel wall, and which the mbe ' whereb Y each of said openings in the wall deviates 

could produce restenosis, are considerably reduced, is frocn a substantially oval shape only by virtue of notches 

Preferably, the outer diameter of the stent at the ends is about formed at each side of the interconnection between waves at 

80-95% of the outer diameter at its mid-point. tne respective points of tangential contact, 

Although a presently preferred embodiment and methods including the step of interrupting the longitudinal seg- 
of the invention have been shown and described, it will be ments in which the substantially sine wave patterns are 
apparent to those skilled in the art from a consideration of 20 lying, at least once along the axis of the tube by laser 
the foregoing detailed description, that variations and modi- cutting transversely oriented serpentine elements in the 
fications of the described embodiments and methods may be wall that run longitudinally in at least partial substan- 
made without departing from the true spirit and scope of the tially sine wave patterns and juxtaposed 
invention. It is therefore desired that the invention be limited circumferentially, while simultaneously cutting open- 
only by the following claims and the rules and principles of 25 ings of said tran$versely orie nted serpentine elements 

ap Wh abIe la t W; a ' through the wall, and with adjacent ones of the trans- 

Wfaat is claimed is: versely oriented patterns being offset from each other 

fni ii a ° T & f T a SteDt t f ? ted i ° bC e , X ? anded ^ 180 ° relative t0 th ™ wavelengths at interconnecting 

trom a small diameter production state to a larger diameter *u u * i *u • c r 

H^im^ct.t.f^^i^ i ♦ * * * *n points therebetween along the circumference of the 

deployed state for deployment m a vessel or tract of a patient 30 !. M fU t . Ai to , . 4 , 

to maintain an open lumen therein, said stent comprising a tUbe ; *° * at ^ansversely onented serpentine ele- 

biocompatible hollow tube with a multiplicity of openings m ? nlS ^ aCt t0 maintam the len ^ th of said tube 

through an open-ended tubular wall thereof, said openings substantially invariant with radial expansion of the 

having a closed oval shape when said stent is in the stent * 

production state, according to the shape of a plurality of 35 3 * A vascular or endoluminal stent adapted for deploy- 
serpentine elements bounding said openings within at least ment m a ves sel or tract of a patient to maintain an open 
a substantial portion of said wall and running circumferen- lumen therein, the stent comprising a metal open-ended tube 
tially in juxtaposed sine wave patterns, each of uniform having a multiplicity of through holes in the wall thereof, 
multiple cycles, wherein adjacent ones of said patterns are said tube being the single component of the stent with 
oflfeet 180 degrees out of phase from each other about the 40 elements thereof being shaped throughout for optimizing 
circumference of the tubular wall, are direcdy connected symmetrical expansion of the stent without substantial 
together without intervening bridges at the most closely deformation from a tubular shape during deployment 
confronting points of each pair of out of phase cycles of thereof, the inner lumen of the tube being of uniform 
adjacent ones of the sine wave patterns, and are uniformly diameter throughout and the outer diameter of the tube 
displaced longitudinally along an axis of the tube, said tube 45 rang i ng substantially uniformly from a maximum at the 
constituting a single member from which the entire stent is mid-point of the length of the tube to a minimum at each end 
fabricated, of the tube whereby lhe tube wall ^ longitudinally tapered 
wherein the uniform longitudinal displacement of the at the exterior surface thereof to be more flexible at its ends 
circumferential substantially sine wave-like patterns is than at its mid-point. 

interrupted at least once along the axis of the stent by 50 4. A process for fabricating a vascular or endoluminal 

transversely oriented serpentine elements that run Ion- stent adapted for deployment in a vessel or tract of a patient 

gitudinally within said wall in juxtaposed at least to maintain an open lumen therein, comprising the steps of 

partial substantially sine wave-like patterns having forming a multiplicity of generally oval-shaped openings 

openings through the wall which are shaped according through an open-ended tubular wall of a biocompatible 

to the transversely oriented serpentine elements, adja- 55 hollow tube, to leave a multiplicity of interconnected ser- 

cent ones of the transverse patterns being offset from pentine elements bounding the openings and maintaining the 

each other by a 180° cyclical phase difference at tubular shape of the wall, tapering the outer surface of the 

interconnecting points therebetween along the circum- wall to be thicker from the middle of the length to each 

ference of the tube, said transversely oriented serpen- thinner end thereof while maintaining a uniform diameter 

tine elements being adapted to maintain the length of 60 throughout the lumen of the tube, so as to render the stent 

said tube substantially invariant with radial expansion more rigid in the middle and more flexible at the ends 

of the stent. thereof. 
2. A process for fabricating a vascular or endoluminal 

stent adapted for deployment in a vessel or tract of a patient ***** 
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ITEM DESCRIPTION 

1 (1) LPL X05 Laser stent Cutting System 
SYSTEM INCLUDES; 

Lasag KLS 126 YAQ Laser or equivalent. 
YAG Beam Delivery System 
Including: 

Cutting Nozzle independently adjustable 

from final focusing lens. 

4 inch focal length lens 

Video System and Monitor. 

High Intensity Fiber optic Illuminator. 

Crossline Generator. 

High precision x/Y motion system, including- 
Servo controlled 6 inch travel X stage 
.1 Mxll Resolution. 

S ^?.? oatTOllQd 6 inch travel y stage 
• 1 Mill Resolution r a 

High Precision Rotary Stages, 

with the following specifications: 
Resolution - . 02 Degrees 
Max. Speed - 60 rpm 
Accuracy - +/- .0044 Degrees. 
Repeatability - .02 Degrees 

Stent Cutting Tooling, including: 

Shi^rf^ Actuated CoUets { 3 Sizes ) 
Tubing Length Capacity - 24 Inches 
Max. Length of Stent - 5 Inched 
Max. Diameter of Tubing - .YiSihes 
Automatic Programmable Tube Feeder 
Slectabl^ 11 ^* 11219 SUppCrt gaBes ' Program 

3 Axis CNC controller 

™£?>if ie * r ci ? cular interpolation, 
controls for manual Jogging. 



260 Potorte Avenue 
Mountain View, C A 94043 



phone: 

(4 15) 9654884 
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Digital I/o Interface 
Cad/Cam Program 
CAD postprocessor. 
Floppy Bisk Drive 
Laser Fire Cdatrol Card 

486 PC Computer. 

Welded System Frame, iacludina.- 

CDRH Safety Interlocks. 

Rack Mount for Computer and Electronics. 

System Price $ 343,830. ea 

FOB: Mtn. View CA. 

Terms. 40% Downpayment with order. 
30% Upon Shipment 
30* upon Acceptance. 

Warranty: 12 months from date of installation 

Please Note: This System is designed to cut 
Stents from tubing stock using 
a proprietary cutting method and 

Ctt " in9 P*x=e3B technology. 
Production rates are 6 to 10 stents 
per hour, based on a 10mm stent, 

tS»?,£i" « ^ 18111 ^ thickness. 
Typical production accuracies of 

SEE?.*** +/ ~' S mi18 011 311 
dimensions ♦ 

This cutting technology does not 
require so called » Gates" the 
stent are cut from tubing 
( 36 inches/load } and collected 
in tray ready for pogjprocesslng. 
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DECLARATION OF CHARLES A. TAYLOR 



I, Charles A. Taylor declare as follows: 

1. I am a professor in the Departments of Surgery, Mechanical Engineering and Pediatrics at 
Stanford University. I have a B.S. and M.S. in Mechanical Engineering from Rensselaer 
Polytechnic Institute, an M.S. in Mathematics from Rensselaer Polytechnic Institute, and a 
Ph. D in mechanical engineering from Stanford University. My resume is attached as 
Exhibit 1 of this declaration. 

2. I have reviewed PCT publication PCT/US95/08975, entitled "A Flexible Expandable 
Stent" (which I am told is document 'DP in these proceedings). 



3. The stent design shown in Figures 1 through 4 has sharp corners that cause stress 
concentration, as would be recognized by one of skill in the art It is basic engineering 
knowledge that concentration of stresses in a load-bearing device is undesirable, and 
especially so in a medical device such as a stent that is implanted in the human body. 

4. The concept of stress concentrations at corners and other changes in cross-section is well- 
documented in standard mechanical engineering textbooks, examples of which are Exhibit 
2 to this declaration. Stent design must take account of the distribution of stress due to the 
ongoing loads that the devices are subject to by the flow of pumping blood under cyclic 
pressure, motion of organs and natural body movements. Coronary stents are subject to 
repeated stresses, as the human heart beats approximately 1 00,000 times per day, or 40 
million per year. 
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If a skilled person wanted to make the stent shown mFigures I throiigh 4, itwould be a 
routine manufacturing choice to reduce the stress concentrations by introducing some 
curve to the right-angle bends. This would be obvious to someone looking at Figures 1 
through 4 and is further supported by reading the specification that accompanies those 
figures. For example, the specification repeatedly describes the stent design as having a 
meandering pattern consisting of "loops'* and it is specifically stated that the meander 
pattern 1 1 (shown e.g. in figures 1-4) is a 'Vertical sinusoid" (see page 4, lines 20-29). 
The specification also suggests that the pattern of Figure 2 can be manufactured of welded 
or twisted wire (page 7, lines 24-25.) If the pattern shown in Figure 2 was made of twisted 
wire, it would be physically impossible to make sharp comers, but a skilled person would 
round the corners, as dictated by the properties of wire. 

A person of skill in the art seeking to make the stent shown in Figures 1 through 4 would 
take particular care to make the loops of Figures 1 through 4 rounded to prevent any sharp 
corners from injuring the inner surface of an artery upon bending of the stent, including the 
bending which such stents will encounter as they navigate the artery (or other lumen) 
during delivery, expansion and in use. It is well known to a person skilled in the art of 
designing stents that injury to a blood vessel resulting from sharp corners could result in 
intimal thickening and restenosis. This concept is well-recognized, as shown in U.S. 
Patent No. 5,192,307 (which is Exhibit 3 to this declaration) at col 5, lines 37 - 45: "While 
several designs and materials have been disclosed, those skilled in the art will recognize 
that the materials must be implantable, and all portions of the stent must be sufficiently 
smooth to prevent trauma during placement Further, all corners and the like should be 
well rounded to prevent epithelialization without subsequent trauma due to the presence of 
sharp edges during natural body motions. " It was elementary knowledge that devices with 
sharp edges should not be implanted into patients at least as early as 1993. 

For all these reasons it is clear that were a skilled person to seek to make the device as 
shown in Figures 1 through 4 they would make a device with a curved pattern, not one 
with square corners as shown* 



8. I have reviewed EP 1 066 804 Bl, and specifically the portion appearing at column 7, lines 
745 , which describes the supposed advantages of having flat apices. 

9. The first supposed advantage given is that the flat apices will result in "the force required 
to expand the stent is substantially reduced." I disagree with this statement In feet, there 
is no inherent advantage to using a flat apex such as that shown in the figures of the EP 1 
066 804 Bl patent- My opinion in this regard is supported by a finite element analysis 
performed to evaluate this point. 

10. A finite element analysis is a numerical solution to the equations governing the 
deformation of solid objects subject to applied loads - as occurs when a stent is expanded 
into a diseased artery. These governing equations, based on the laws of physics, cannot be 
solved without such methods for the complex geometry and material behavior intrinsic to 
stent deployment Hie finite element analyses performed involved deforming varying stent 
geometries and calculating the force required to expand the stent and the resulting stresses 
and plastic deforaiation. 

11. A finite element analysis was performed comparing a design as shown in EP 1 066 804 B 1 
with two modifications. In the first modification, a series of apices were changed from flat 
by creating a "dimple 1 * ("Modification 1"). In the second modification, a different series of 
apices were changed from flat by being rounded into a curved shape ("Modification 2"). 
The analysis is attached hereto as Exhibit 4. 

12. The finite element analysis demonstrates that in both modifications there is no advantage 
in using flat apices in terms of reduced force required to expand the stent, as claimed in the 
patent The expansion force is essentially unchanged when the apices are changed from 
flat to either curved or dimpled in modifications. Those results are shown in the 
accompanying graph and Table 1 in Exhibit 4. 

13. The second supposed advantage provided is that the stent is subjected to less traumatic 
stress during expansion with the use of flat apices. I disagree with this statement as well. 
The finite element analysis further supports this point. 
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1 4. The finite element analysis illustrates that in Modification 2 there is actually lower 



maximum stress and strain (and thus lower traumatic stress) in the modified curved apex as 
compared to that obtained with flat apices. The analysis further indicates that in 
Modification! there is lower maximum stress or strain (and thus lower traumatic stress) in 
the modified "dimpled" apex as compared to that obtained with flat apices. These results 
are shown in Tables 2 and 3 in Exhibit 4. Further, the flat apices actually cause higher 
localized stress (and thus maximum stress), as can be seen in the stress fields illustrated in 
Exhibit 4. 

15. The patent also claims as an advantage that the use of flat apices facilitates the plastic 
deformation of the stent during expansion. I also disagree with this statement. The finite 
element analysis demonstrates that there is no advantage to using flat apices in this regard, 
because the expansion of the stent (and necessary deformation) is not facilitated by the use 
of flat apices. 

I declare under penalty of perjury that the foregoing is true and correct. 
Executed on November 9, 2004 at Stanford, California. 
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Exhibit 1 

Charles A. Taylor, Ph.D. 

A* Identifying data: 

1. Date of birth; place of birth: 1/3/64; Fall River, MA 

2. Citizenship status: US Citizen 

B. Academic history: 

1. Colleges and universities attended, degrees received, and dates 

1996 PhD. Mechanical Engineering Stanford University 

1992 M.S. Mathematics Rensselaer Polytechnic Institute 

1991 M.S. Mechanical Engineering Rensselaer Polytechnic Institute 

1987 B.S. Mechanical Enginepring Rensselaer Polytechnic Institute 

C Employment history: " ~ 

4/01 - present Assistant Professor, Department of Mechanical Engineering, Stanford University 

4/01 - present Assistant Professor, Department of Surgery, Stanford University 

10/02 - present Assistant Professor (by courtesy), Department of Pediatrics, Stanford University 

7/97 - 4/01 Assistant Professor (Research), Department of Surgery, Stanford University 

7/97 - 4/01 Assistant Professor (Research), by courtesy, Department of Mechanical Engineering, 
Stanford University 

1996 - 1997 Engineering Research Associate, Department of Surgery, Stanford University 

1994 - 1996 Research Assistant, Department of Mechanical Engineering and Department of Surgery, 
Stanford University 

1992 - 1994 Research Assistant, Department of Mechanical Engineering, Stanford University 

1991 - 1992 Teaching Assistant, Department of Mathematics, Rensselaer Polytechnic Institute 

1987 - 1991 Mechanical Engineer, Engineering Physics Laboratory, GE Research & Development and 
Materials Divisions 

D. Public and Professional Service: 

National and International Committees 

Chair, Session on Fluid Mechanics - Flow Visualization & Virtual Reality, 1998 ASME Winter Annual 
Meeting, Anaheim, CA. 

Chair, Symposium on Computational Bioengineering, 1999 ASME Summer Bioengineering Mtg., Big Sky, 
MT. 

Chair, Session on Computer-Aided Surgical Simulation and Planning, 1999 ASME Summer Bioengineering 
Mtg., Big Sky, MT. 



Chair, Session on Visualization, VR and Image-Based Computational Techniques, 1999 ASME Summer 

Bioengineering Mtg., Big Sky, MT. 
Chair, Session on Experimental and Computational Investigations in Bioengineering, 1999 ASME Summer 

Bioengineering Mtg., Big Sky, MT. 
Chair, Session on Image Registration and Fusion, 1999 BMES/EMBS Mtg., Atlanta, GA. 
Chair, Session on Cardiovascular Fluid Dynamics, 2000 World Congress of Medical Physics and 

Biomedical Engineering, Chicago, IL. 
Chair, Session on Cardiovascular Flow and Hemodynamics, 2000 World Congress of Medical Physics and 

Biomedical Engineering, Chicago, IL. 
Chair, Session on Medical Imaging and Registration, 2000 Computer Aided Radiology and Surgery, San 

Francisco, CA 

Chair, Session on Computational Biomechanics, 2001 ASME Summer Bioengineering Mtg., Snowbird, UT. 
Member, Organizing Committee, 2000 Computer Aided Radiology and Surgery, San Francisco, CA. 
Member, Biofluids Committee, ASME. 

Member, Scientific Committee, 2003 CalTech Biofluids Conference 

Chair, Symposium on Computational Methods in Cardiovascular Bioengineering, 2004 World Congress on 
Computational Mechanics, International Association for Computational Mechanics, Beijing, 
China. 

Member, Scientific Advisory Board, Third M.I.T. Conference on Computational Fluid and Solid 

Mechanics, June 14 - 17, 2005 
Member, Scientific Committee, 8 ,h National Congress on Computational Mechanics (USNCCM8), Austin, 
TX, Austin, Texas, July 24 - July 28, 2005 

Grant Review Panels 

Member, Biomedical Engineering Review Panel, National Science Foundation, June 2000. 

Member, Biomedical Information Science and Technology Review Panel, National Institutes of Health, 

July 12-13, 2001, November 1-2, 2001. 
Member, American Heart Association, Western States Affiliates, Peer Review Panel, April 10-11, 2003, 

April 20-21, 2004. 

Journal Editorial Boards. Review 

Advisory Editorial Board, Journal for Multiscale Computational Engineering 

Ad-hoc Reviewer, ASME Journal of Biomechanical Engineering, Journal of Vascular Surgery, Annals of 
Biomedical Engineering, Arteriosclerosis, Circulation, Applied Numerical Mathematics, 
Computer Methods in Applied Mechanics and Engineering, IEEE Transactions on Visualization 
and Computer Graphics, IEEE Transactions on Medical Imaging, IEEE Transactions on 
Biomedical Engineering, Journal of Fluid Mechanics, Journal of Biomechanics. 

Professional Organizations [ 

Biomedical Engineering Society, American Society of Mechanical Engineers, International Society for 
Magnetic Resonance in Medicine, American Mathematical Society, Society for Industrial and 
Applied Mathematics, American Academy of Sciences. 

Stanford Committees 

Mechanical Engineering Department Vision Committee, 1997-1998. 

Medicine Meets Virtual Reality at Stanford Organizing Committee, September 1998-January 1999. 
Biomedical Information Technology at Stanford (BITS) committee, founding member, March 1999-present. 
Clark Center, Design and Planning Committee, November 1999-May 2000. 



iBME Leadership Committee, March 2000-December 2000. 

Stanford Medical Device Network Leadership Group, 1998-2002. 

Surgery Department Space Planning Committee, March, 2000-December 2000. 

Bio-X Core Facility in Biocomputation oversight committee, Chair, July 2000-present. 

Mechanical Engineerin^Department Undergraduate Committee, September 2O01--present: 

Bioengineering Department Planning Committee, January 2002-June, 2002. 

Bioengineering Undergraduate curriculum committee, Co-chair, January, 2002-June, 2002. 

Bioengineering Department Chair Search Committee, July 2002-Sept 2002. 

Biodesign Program Research Committee r .Chair, July 2002-Sept 2004. ' 

Medical SchooLBioengineering_Scholarly Concentration, Co-director, August 2003-i>resent. 

ICME Curriculum Committee, October 2003-present. 

Stanford Research Supercdmputing Committee, September 2004-present. 

E. Post-Degree Honors and Awards: 
National and International Awards 

Young Investigator in Computational Mechanics Award, International Association for Computational 
Mechanics, 2002. 

R.H, Gallagher Young Investigator in Computational Mechanics Award, U.S. Association for 
Computational Mechanics, 2003. 

Stanford University Awards ! 
James F. Clark Fellow, Stanford University, 2001 ! 

Keynote and Plenary Lectures ; 

Distinguished Lecturer, 1998 International Symposium on Computational Medicine, Tokyo, Japan. 
Keynote Speaker, Virtual Reality Session, 1999 High Performance Computing and Networking Conference, 

Amsterdam, The Netherlands. 
Keynote Speaker, 1st Annual Symposium for The Centre for Vascular Imaging Research on Virtual Reality 

in Vascular Medicine (1999), The John P. Robarts Research Institute, London, Ontario, Canada. 
Keynote Speaker, Bioengineering Session, 2000 Applied Mathematics in Industrial Flows Conference, 
" " " Tuscany, ltaly. ~ r ~~ - - 

Keynote Speaker, First International Symposium on Advanced Fluid information, 2001, Sendai Japan. 
Keynote Speaker, Taiwan National Computational Fluid Dynamics conference, 2002, Tainan, Taiwan. 
Keynote Speaker, United States Association for Computational Mechanics conference, Albuquerque, NM, 
July 2003. 

Keynote Speaker, Computational Sciences Symposium, Trondheim, Norway, October 2003. 
Keynote Speaker, San Francisco Surgical Society Meeting, San Francisco, CA, October 2003. 
Distinguished Speaker, Red-Raider Mini-Symposium on Mathematical and Computational Modeling of 

Biological Systems, Lubbock, TX, November 2003. 
Keynote Speaker, International Symposium on Biomedical Systems Innovation, Tokyo, December 2004. 
Plenary Speaker, Society of Industrial and Applied Mathematics annual meeting, New Orleans, LA, July 

2005.~ ! 



Magazines, Television and Radio 

Beypnd 2000, Segment on "Virtual Circulatory System", aired September, 1999 on Discover Channel. 



The Osgood Files, Segment on "Virtual Circulatory System", aired on CBS Radio Network, June, 1999. 
New Media News, Segment on "Stanford Virtual Surgery", aired November 21, 1999. 
Quantum, Segment on research program, aired on Australian Broadcasting Corporation TV on Thursday 24 
February, 2000. 

Discover Magazine, Article entitled "Downloading Your Body", Sept. 2000, pp. 83-85. 
Mechanical Engineering Magazine, Article entitled "High Tech Healing", January 2001, pp. 62-65. 
Stanford Medicine Magazine, Article entitled "The MRI workout: A customized cycle provides blood-flow 

data", Volume 20, #1, Winter 2003, pp[ 20 and 23. 
Technology Review Magazine, Article entitled "Simulating Surgery", March 2003, p. 26. 
The Scientist, Featured in article "The Democratization of Supercomputing" Aug. 30, 2004, pp. 30-33. 

Scientific Exhibits , 

San Francisco Exploratorium, Blood flow simulations in human aorta, part of exhibit on "Revealing 
Bodies", March 2000-September 2000. 

The Tech Museum oj "Innovation, San J '^^Cardiovascular Surgery Planning, demonstrations in VR Theatre, 
June 21,2003. 

F. Teaching: 

1. E 155A Mathematical and Computational Methods for Engineers, Stanford University, 2004. 

2. ME 184/284 Cardiovascular Bioengineering, Stanford University 2002, 2003, 2004. 

3. ME 484 Computational Methods in Cardiovascular Bioengineering, Stanford University 2002, 2003. 

4. ME 184/284 Cardiovascular Biomechanics, Stanford University 1998, 1999, 2000, 2001. 

5. ME 234C Finite Element Methods in Fluid! Mechanics, Stanford University 1999. 

6. ME 235C Finite Element Methods, Stanford University 2000. 

7. ME 232A,B,C Simulation-Based Design & Computational Prototyping, Stanford Univ. 1996-97. 

8. ME 289 Medical Device Forum (Seminar, w/ P. Yock, M.D.), Stanford University 1999, 2000. 

9. .ME 288 Bioengineering & Biodesign (Seminar, w/ P. Yock, M.D.), Stanford University 2001, 2002. 

10. "The Cardiovascular System in Health and Disease: Fundamental Concepts for the Medical Device 

Industry" (Stanford Short Course), September 19-21, 2001, June 19-21, 2002, June 11-13, 
2003, June 15-18, 2004 (4 Years consecutively). Course developer, director, and primary 
lecturer. 

11. "Finite Element Modeling of Cardiovascular Devices", Short course taught at the Center for Devices 

and Radiological Health, Food and Drug Administration, September 15-16, 2004. 



G. Scholarly Publications: 

Peer Reviewed Papers fstudents indicated in boldfaced 

1. HJF. Nied, CA. Taylor, and H.G. deLorenzi, (1990) Three Dimensional Finite Element Simulation of 
Thermoforming. Polymer Engineering and Science, Vol. 30, No. 20, pp. 1314-1322. 

2. H.G. deLorenzi, H.R Nied, C.A. Taylor, (1991) A Numerical/Experimental Approach to Software 
Development for Thermoforming Simulations. ASME Journal of Pressure Vessel Technology Vol 
113, pp. 102-114. < j ' 

3. C.A. Taylor, H.G. deLorenzi, and D.O. Kazmer, (1992) Experimental and Numerical Investigations 
of the Vacuum forrrfing Process. Polymer Engineering and Science, Vol. 32, No. 16, pp. 1163-1173. 

4. . H.G. deLorenzi, and C.A. Taylor, (1993) The Role of Process Parameters in Blow Molding and 

. Correlation of 3-D Finite Element Analysis with Experiment. International Polymer Processing, Vol. 
VIII, No. 4, pp. 365-374. 

5. J.C Sirno, F.A. Aimero, and C.A. Taylor, (1995) Stable and Time-Dissipative Finite Element 
Methods for the Incompressible Navier-Stokes Equations. International Journal for Numerical 
Methods in Engineering, Vol. 38, pp. 1475-1506. 

6. C.A. Taylor, TJ.R. Hughes, and CK. Zarins, (1996) Computational Investigations in Vascular 
Disease. Computers in Physics, Vol. 10, No. 3, pp. 224-232. 

7. C.A. Taylor, TJ.R. Hughes, and CK. Zarins, (1998) Finite Element Modeling of Blood Flow in 
Arteries. Computer Methods in Applied Mechanics and Engineering. Vol. 158, Nos. 1-2, pp. 155- 
196. 

8. CA. Taylor, TJ.R. Hughes, and.CK. Zarins, (1998) Finite Element Modeling of 3-dimensional 
Pulsatile Flow in the Abdominal Aorta: Relevance to Atherosclerosis. Annals of Biomedical 
Engineering. Vol 26, No. 6, pp. 1-13. j 

9. CA. Taylor, TJ.R. Hughes, and CK. Zarins, (1999) Effect of Exercise on Hemodynamic Conditions 
in the Abdominal Aorta. Journal of Vascular Surgery. Vol. 29, No. 6, pp. 1077-89. 

10. SLC. Wang, R.W. Dutton, CA. Taylor, (1999) Level Sets for Vascular Model Construction in 
Computational Hemodynamics. IEEE Engineering in Medicine and Biology. Vol. 18, No. 6, pp. 33- 

11. CA. Taylor, Draney, J. F. Ku, D. Parker, B. N. Steele, iC Wang, and CK. Zarins, (1999) 
Predictive Medicine: Computational Techniques in Therapeutic Decision-Making. Computer Aided 
Surgery. Vbl.-4, Nb. 5; pp. 231-247. " — 

12. S,A. Spicer, CA. Taylor (2000) Simulation-Based Medical Planning for Cardiovascular Disease: 
Visualization System Foundations. Computer Aided Surgery. Vol. 5, No. 2, pp. 82-89. 

13. N. Wilson, IL Wang, R. Dutton, CA. Taylor, (2001) A Software Framework for Creating Patient 
Specific Geometric Models from Medical Imaging Data for Simulation Based Medical Planning of 
Vascular Surgery. Lecture Notes in Computer Science, Vol. 2208, pp. 449-456. 

14. K.L. Wedding, M.T. Draney, R J. Herfkens, CK. Zarins, CA. Taylor, NJ. Peic, (2002) 
Measurement of Vessel Wall Strain Using Cine Phase Contrast MRL Journal of Magnetic Resonance 
Imaging, Vol 15, pp. 418-428. 



15. . C A Taylor, CP, Cheng, LA Espinosa, B.T. Tang, D. Parker, and R.J. Herfkens, (2002) In Vivo 
Quantification of Blood Flow and Wall Shear Stress in the Human Abdominal Aorta during Lower 
Limb Exercise. Annals of Biomedical Engineering. Vol. 30, No. 3, pp. 402-408. 

16. J.P. Ku, MX Draney, F.R. Arko, WA Lee, F. Chan, N.J. Pelc, C.K. Zarins, CA Taylor, (2002) 
In Vivo Validation of Numerical Predictions of Blood Flow in Arterial Bypass Grafts. Annals of 
Biomedical Engineering, Vol. 30, No. 6, pp. 743-752. 

17. J. Wan, B.N. Steele, S A Spicer, S. Strohband, G.R. Feijoo, T.J.R. Hughes, CA. Taylor (2002) A 
One-dimensional Finite Element Method for Simulation-Based Medical Planning for Cardiovascular 
Disease. Computer Methods in Biomechanics and Biomedical Engineering. Vol, 5, No. 3, pp. 195- 
206. 

18. CP. Cheng, D. Parker, CA. Taylor (2002) Quantification of Wall Shear Stress in Large Blood 
Vessels Using Lagrangian Interpolation Functions with cine PC-MRI. Annals of Biomedical 
Engineering. Vol. 30, No. 8, pp. 1020-1032.- 



19. 



MX Draney, R.J. Herfkens, TJ.R. Hughes, N.J. Pelc, KJL Wedding, CK. Zarins, CA. Taylor 
(2002) Quantification of Vessel Wall Cyclic Strain Using Cine Phase Contrast MRL Annals of 
Biomedical Engineering. Vol. 30, No. 8, pp; 1033-1045. 

20. . CP. Cheng, R.J . Herfkens, C. A. Taylor (2003) Comparison of Abdominal Aortic Hemodynamics 
Between Men and Women at Rest and During Lower Limb Exercise. Journal of Vascular Surgery 
Vol. 37,-No.l, pp. 118-123. * " 

2L CP. Cheng, D.F. Schwandt, EL. Topp, J.H. Anderson, RJ. Herfkens, CA. Taylor (2003) Dynamic 
Exercise Imaging with an MR-Compatible Bicycle within the GE Open-Magnet. Magnetic Resonance 
in Medicine. Vol. 49, No. 3, pp. 581^585. 

22. CP. Cheng, RJL Herfkens, CA. Taylor (2003) Inferior Vena Caval Hemodynamics Quantified In 
Vivo at Rest and During Lower Limb Exercise Using Magnetic Resonance Imaging. American 
Journal of Physiology. Vol 284, pp. HI 161-H1167. 

23. M. Markl, F.P. Chan, M.T. Alley, K.L. Wedding, MX Draney, CJ. Elkins, D.W. Parker, R. 
Wicker, CA. Taylor, R.J. Herfkens, and N J. Pelc, (2003) Time Resolved Three Dimensional Phase 
Contrast MRI, Journal of Magnetic Resonance Imaging, Vol 17, pp. 499-506. 

24. B.N, Steele, J. Wan, J.P. Ku, TJ.R. Hughes, CA. Taylor (2003) In vivo Validation of a One- 
Dimensional Finite Element Method for Simulation-Based Medical Planning for Cardiovascular 
Bypass Surgery, IEEE Transactions on Biomedical Engineering, Vol. 50, No. 6, pp. 649-656. 

25. B.N. Steele, J.P. Ku, M.T. Draney, CA. Taylor (2003) Internet-Based System for Simulation-Based 
Medical Planning. IEEE Transactions on Information Technology in Biomedicine, Vol. 7, No. 2, pp. 
123**129. 

26. CP. Cheng, RJ. Herfkens, CA. Taylor (2003) Abdominal Aortic Hemodynamics in Healthy 

. Subjects Age 50-70 at Rest and During Lower Limb Exercise: In Vivo Quantification Using MRI. 
Atherosclerosis, Vol. 168, No. 2, pp. 323-331. 

27. C. A. Taylor, M.1Y Draney (2004) Experimental and Computational Methods in Cardiovascular Fluid 
Mechanics. Annual Review of Fluid Mechanics, Vol. 36, pp. 197-231. 

28. L Vigoon, CA. Taylor (2004) Outflow Boundary Conditions for One-dimensional Finite Element 
Modeling of Blood How and Pressure Waves in Arteries. Wave Motion. Vol. 39, pp. 361-374. 

29. M.T. Draney, F.R. Arko, M.T. Alley, M. Markl, RJ. Herfkens, NJ. Pelc, C.K. Zarins, CA. Taylor 



(2004) In Vivo Quantification of Porcine Aortic Wall Motion and Cyclic Strain Using Cine Phase 
Contrast MRL Magnetic Resonance in Medicine, Vol. 52, No. 2, pp. 286-295. 

30. N. Wilson, F. Aiko, C.A. Taylor, (2004) Patient-Specific Operative Planning for Aorto-Femoral 
Reconstruction Procedures. Lecture Notes in Computer Science VoL 3217, pp. 422-429. 

31. CP, Cheng, RJ. Herfkens, A. L. Lightner, CA. Taylor, J.A. Feinstein (2004) Blood Flow 
Conditions in the Proximal Pulmonary Arteries and Caval Veins in Healthy Children at Rest and 
During Upright Cycling Exercise, Quantified In Vivo Using Magnetic Resonance Imaging. American 
Journal of Physiology ~ Heart and Circulatory Physiology, VoL 287, No. 2, pp. H921-H926. 

32. J,P, Ku, C J. Elkins, C.A, Taylor, (2004) Comparison of CFD and MRI How and Velocities in an 
Aorto-Aorto Bypass Graft Model Accepted for publication in Annals of Biomedical Engineering. 

, 33. CP. Cheng, RJ. Herfkens, CA. Taylor, J .A: Feinstein (2004) Proximal Pulmonary Artery Blood 

How Characteristics in Healthy Subjects Measured in an Upright Posture Using MRI: The Effects of 
Exercise and Age. Accepted for publication in the Journal of Magnetic Resonance Imaging. 

Book Chapters and Review Papers : 

34. CK. Zarins and C.A. Taylor, (1998) Hemodynamic Factors in Atherosclerosis, In: Vascular Surgery: 
A Comprehensive Review. 5 th edition, editor: W.S. Moore, W.B. Saunders Company, pp. 97-110. 

35. CA, Taylor, (2000) Brute. Element Modeling of Blood Haw: Relevance to Atherosclerosis- 
Computational Fluid-Structure Interaction in the Cardiovascular System, Advances in Huid 

. Mechanics, VoL 2 - Fluid Structure Interaction, Intra and Extracorporeal Cardiovascular Huid 
Dynamics. Editors: P. Verdonck and K. Perktold., pp. 249-289, WIT Press. 

36. C.A. Taylor (2004) Finite Element Modeling of Blood How in Arteries: One-dimensional and Three- 
Dimensionai Theories. Finite Element Methods: 1970's and Beyond, Editor: L.P. Franca, T.E. 
Tezduyar, and A. Masud, CIMNE, Barcelona, pp 249-259. 

37. C.A. Taylor (2004) Blood How. Encyclopedia of Computational Mechanics, (In Press). 

38. CK. Zarins C Xu C, C. A. Taylor CA, and S. Glagov, (2004) Localization of atherosclerosis lesions. 
In Vascular Surgery: Basic Science & Clinical Correlations, 2nd edition. Editors: R_A. White and 
L.H. Hollier; Futura Publishing Company, Inc., Armonk, NY (In Press). 

Peer-Reviewed Conference Publications fstudents indicated in boldfaced 

39. CA. Taylor, D. Parker, T.J.R. Hughes, and CK, Zarins, (1997) Finite Element Analysis of Pulsatile 
Flow in the Human Abdominal Aorta: Geometric Model Construction from Spiral CT data. 
Proceedings: 1 997 ASME Summer Bioengineering Meeting, Sun River, OR, pp. 361-362. 

40. B. Parker, C A. Taylor, TJ.R. Hughes, andj CK. Zarins, (1997) Visualization of Anatomic and 
Physiologic Data for Computational Investigations of Human Vascular Disease. Proceedings: 1997 
ASME Summer Bioengineering Meeting, Sun River, OR, pp. 363-364. 

41. CA. Taylor, (1998) Clinical Applications of CFD, Visualization and Virtual ReaOty in 

" Cardiovascular Medicine. Proceedings: 1998 ASME Winter Annual Meeting, Anaheim, CA, pp. 119- 
120. 

42. CA. Taylor, MX Braney, (1998) Validation of Blood How Computations Using Analytical In 
Vitro, and In Vivo Methods. Proceedings: 1998 ASME Winter Annual Meeting, Anaheim, CA, pp. 81- 



D* Parker, C.A. Taylor, K- Wang, (1998) Imaged Based 3D Solid Model Construction of Human 
Arteries for Blood Flow Simulations. Proceedings: 1998 IEEE Biomedical Engineering Meeting, 
Hong Kong, China, pp. 998-1001. ! 

K. Wang, C A. Taylor, Z. Hsiau, D. Parker,! R.W. Dutton, (1998) Level Set Methods and MR Image 
Segmentation for Geometric Modeling in Computational Hemodynamics. Proceedings: 1998 IEEE 
Biomedical Engineering Meeting, Hong Kong, China, Vol. 20, Part V, pp, 2721-2724. Winner of 
PhD Student Poster Competition. 

CP. Cheng, C.A. Taylor, (1999) A Computational Study of the Effect of Fernorofemoral Bypass 
Graft Diameter on Hemodynamic Conditions. Proceedings: 1999 ASME Summer Bioengineering 
Meeting, Big Sky, MT, pp. 191-192. 

S A* Spicer, C.A. Taylor, (1999) Time-Dependent Volume Rendering of Unsteady Advection- 
Diffusion in Computational Hemodynamics. Proceedings: 1999 ASME Summer Bioengineering 
Meeting, Big Sky, MT, pp. 509-510. 

J.P. Ku* C.A. Taylor, (1999) Construction of Geometric Models from Arbitrarily Oriented 2D 
Ultrasound Images. Proceedings: 1999 ASME Summer Bioengineering Meeting, Big Sky, MT, pp. 
203-204. 

48. B-N. Steele, Joy P. Ku, MX. Draney, C.A. Taylor, (1999) Internet Based User Interface for 
Computer Aided Surgical Planning. Proceedings: 1999 ASME Summer Bioengineering Meeting, Big 
Sky, MT, pp. 21-22. 

49. K.C Wang, D. Parker, R.W. Dutton, C.A.Taylor, (1999) Level Sets for Vascular Model 
Construction in Computational Hemodynamics. Proceedings: 1999 ASME Summer Bioengineering 
Meeting, Big Sky, MT, pp. 721-722. j 

50. MX Draney, C.A. Taylor, (1999) Experimental Validation of Computational Simulation and 
Magnetic Resonance Imaging of Flow Through a Tapered Tube. Proceedings: 1999 ASME Summer 

• Bioengineering Meeting, Big Sky, MT, pp. 209-210. 

51. . D. Parker, K.C. Wang, C.A. Taylor, (1999) Image Based Geometric Modeling of the Human 

Vasculature in Computational Hemodynamics. Proceedings: 1999 ASME Summer Bioengineering 
Meeting, Big Sky, MT, pp. 503-504. 

52. MX Draney, K.L. Wedding, C.A Taylor, NJ. Pelc, (1999) An In Two Method for Measuring 
Vessel Wall Motion and Cyclic Strain Using Magnetic Resonance Imaging. Proceedings: 1999 
BMES1EMBS meeting, Atlanta, GA., 2.3.9-1, p. 44~abstract. 

53. S.A. Spicer, CA. Taylor, (1999) A Software Framework for Volume and Surface Rendering for 
Surgical Planning. Proceedings: 1999 BMESIEMBS meeting, Atlanta, G A., 11.8.6~6 r p. 188-abstract 

54. C.A. Taylor, (2000) Simulation-Based Medical Planning for Cardiovascular Disease. Proceedings: 
2000 World Congress of Medical Physics and Biomedical Engineering, Chicago, IL, talk # MO-Ba 
318-01 on CD Rom. 

55. K.L. Wedding, MX. Braaey, R.J. Herfkens; C.K. Zarins, C.A. Taylor, and NJ. Pelc, (2001) Phase- 
Contrast Measurements of Aortic Wall Strain In Vivo. Proceedings of the 9th Annual International 
Society for Magnetic Resonance in Medicine Conference, p. 643, April, 2001. 

56. CP, Cheng, D. Parker, C.A. Taylor (2001) Wall Shear Stress Quantification From Magnetic 
Resonance Imaging Data Using Lagrangian ^Interpolation Functions. Proceedings: 2001 ASME 

. Summer Bioengineering Meeting, Park City, UT, pp. 795-796. Winner of PhD Student Foster 



i 
i 

43. 
44. 



45. 



46. 



47. 



Competition - Cardiovascular Category . 

57. C.A. Taylor, D Parker and K. Wang (2002) Image Based Geometric Modeling Of The Human 
Aorta. Proceedings: 2001 ASME Summer Bioengineering Meeting, Park City, UT, pp. 623-624, 

58. J.P. Ku, MX Draney, W A Lee, F Axko,C Zarins, CA. Taylor (2001) Comparison of In Vivo MR! 
Flow Measurements and Predicted Flow Simulation Results. Proceedings: 2001 ASME Summer 
Bioengineering Meeting, Park City, UT, pp.; 769-770. 

59. BIT. Draney, N Pelc, C Zarins, C A Taylor (2001) Calculation of Time-Dependent Vessel Strain 
From Cine Phase Contrast Magnetjc Resonance Imaging Data. Proceedings; 2001 ASME Summer 
Bioengineering Meeting, Park City, UT, pp.;789-790. 

60. B. N. Steele, J. War^ J. P. Ku, TJ.R. Hughes, C.A. Taylor (2001) In Vivo Validation of a One- 

• Dimensional Finite Element Method for Simulation-Based Medical Planning for Cardiovascular 

• Disease. Proceedings: 2001 23rd Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society, Istanbul, Turkey. 

61. MX Draney, F.R. Arko, MX Alley, M. Markl, R J. Herfkens, NX Pelc, C.K. Zarins and C.A. 
Taylor (2002) In Vivo Quantification of Porcine Aortic Wall Motion Using Cine PC-MRI. . 
Proceedings: 2002 International Society for Magnetic Resonance in Medicine Meeting, Honolulu, HI, 
May 18-24, 2002, talk #367 on CD Rom. 

62. MX Draney, MX Alley, B.T. Tang, N.M. Wilson, RJ. Herfkens, and C.A. Taylor (2002) 
Importance of 3D Nonlinear Gradient Corrections for Quantitative Analysis of 3D MR Angiographic 
Data. Proceedings: 2002 International Society for Magnetic Resonance in Medicine Meeting, 
Honolulu, HI, May 18-24, 2002, talk #151 on CD Rom. 

63. C.A. Taylor (2002) Predicting Outcomes of Cardiovascular Surgery: Mathematical Models and 
Experimental Validation. To be published in the Proceedings: 14th U.S. National Congress of 
Theoretical and Applied Mechanics, Blacksburg, VA, June 23-28, 2002. 

64. C.A. Taylor (2002) Applications of Computational Fluid Dynamics in Cardiovascular Surgery 
Planning. To be published in the Proceedings: Fifth World Congress on Computational Mechanics, 
Vienna, Austria, July 7-12, 2002. | 

65. C.A. Taylor (2002) Simulation Based Medical Planning for Cardiovascular Surgery: Recent 
Developments. To be published in the Proceedings: TV World Congress of Biomechanics, Calgary, 

; Alberta, Canada, August 4-9, 2002. 

66. ML T. Draney, C Xu, F.R. Arko, RJ. Herfkens, RJ. Pelc, C.A. Taylor, and C.K. Zarins (2002), In 
Vivo Quantitation of Aortic Wall Motion: Relationship to Asymmetric Wall Thickness. Proceedings: 
American College CA t October. 6-10, 2002. _ 

67. C. Shu, C. Xu, S. Lee, C.A. Taylor, and C.K. Zarins (2002), Increased Wall Tension Induces 
Progressive Aneurysmal Enlargement of Aortic Wall. Proceedings: American College of Surgeons, 
San Francisco, CA, October 6-10, 2002. 

68. C.A. Taylor (2003) Simulation-Based Medical Planning for Cardiovascular Disease: Challenges and 
Opportunities. Proceedings of the 2003 Summer Bioengineering Meeting, Key Biscayne, FL, June 
24-29, 2003, pp. 791-792. 

69. J.P. Ku, C. Elkins, CA. Taylor (2003) Comparison of Blood Flow Patterns from CFD and MR! in a 
Bypass Graft Model. Proceedings of the 2003 Summer Bioengineering Meeting, Key Biscayne, FL, 
June 24-29, 2003, pp. 819-820 - Winner of PhD Student Poster Competition - Bioflulds. Heat 



and Mass Transfer Category . 

70. CP. Cheng, R.F. Herfkens, R.L. Dalman, S.M. Coogan, CA. Taylor (2003) In Vivo Abdominal 
Aortic Hemodynamics at Rest and During Cycling Exercise in Young Healthy Subjects, Older 
Healthy Subjects, and Intermittent Claudication Patients. Proceedings of the 2003 Summer 
Bioengineering Meeting, Key Biscayne, FL, June 24-29, 2003, pp. 165466. ~~ 

71. L Vignon, CA. Taylor (2003) A Multidomain Finite Element Method to Solve the Nonlinear One- 
dimensional Equations of Blood How in Deformable Vessels. Proceedings of the 2003 Summer 
Bioengineering Meeting, Key Biscayne, FL, June 24-29, 2003, pp- 801-802. 

72. B.N. Steele, C A. Taylor (2003) Simulation : of Blood Flow in the Abdominal Aorta at Rest and 
During Exercise Using a 1-D Finite Element Method with Impedance Boundary Conditions Derived 
from a Fractal Tree. IProceedings of the 2063 Summer Bioengineering Meeting, Key Biscayne, FL, 
June 24-29, 2003, pp. 813-814. ~ " 

0p» . 73. CA. Figueroa, K.C. Jansen, TJ.R. Hughes CA. Taylor (2003) Mathematical Formulation of a 
' • . Coupled Momentum Method for Modeling Blood Flow in Deformable Arteries. Proceedings of the 

2003 Summer Bioengineering Meeting, Key Biscayne, FL, June 24-29, 2003, pp. 821-822. 

74. B.T. Tang, CP. Cheng, P.S. Tsao, CA. Taylor (2003) Subject-Specific Finite Element Modeling of 
Three-Dimensional Pulsatile Bow in the Human Abdominal Aorta: Comparison of Resting and 

; Exercise Conditions. Proceedings of the 2003 Summer Bioengineering Meeting, Key Biscayne, FL, 

June 24-29, 2003, pp. 815-816. 

75. E J, Bekkers, CA. Taylor (2003) Image-Based, Direct Three-Dimensional Vascular Modeling. 
Proceedings of the 2003 Summer Bioengineering Meeting, Key Biscayne, FL, June 24-29, 2003, pp. 
827-828. 

76. M. O'Connell, H. Kimura, E. Sho, M. Sho, R.L. Dalman, CA. Taylor (2003) Correlation of 
Mechanical Properties and Microstructure of Rat Hastase-Irifusion Abdominal Aortic Aneurysms. 
Proceedings of the 2003 Summer Bioengineering Meeting, Key Biscayne, FL, June 24-29, 2003, pp. 
871-872. 

77. S. Spilker, D. Parker, J. A. Feinstein, CA. Taylor (2003) Image-Based Modeling of Blood How in 
Pulmonary Arteries Using a One-Dimensional Finite Element Method Coupled to a Morphometry- 
Based Model of the Distal Vessels. Proceedings of the 2003 Summer Bioengineering Meeting, Key 
Biscayne, FL, June 24-29, 2003, pp. 797-79&. 

0x 78. N. Wilson, F.R. Arko, C A. Taylor (2003) An Integrated Software System for Preoperative^ 

^1 „• Evaluating Aorto-Femoral Reconstruction Procedures. Proceedings of the 2003 Summer 

Bioengineering Meeting, Key Biscayne, FL, June 24-29, 2003, pp. 899-900. 

79. MX Draney, C Xu, CK. Zarins, CA. Taylor (2003) Circumferentially Nonuniform Wall Thickness 
and Lamellar Structure Correlates with Cyclic Strain in the Porcine Descending Thoracic Aorta. 

i Proceedings of the 2003 Summer Bioengineering Meeting, Key Biscayne, FL, June 24-29, 2003, pp. 

891-892. 

80. J. MvGreve, T.LA. Chico f H. Steinmetz, S. Williams, S. -Bunting, CA. Taylor, JNL van Bruggen 

(2003) The Use of Magnetic Resonance Angiography to Directly Assess Arteriogenesis in Mice. 
Proceedings of the 2003 Summer Bioengineering Meeting, Key Biscayne, FL, June 24-29, 2003, pp. 
991-992 - 2 Dd place in M.S. Student Poster Competition - Biotluf ds. Heat and Mass Transfer 
Category . 

81. I. Vignon, CA. Taylor (2003) A Coupled Multidomain Space-Time Finite Element Method to Solve 




the Nonlinear One-dimensional Equations of Blood How in Elastic Vessels. Proceedings of the 2003 
US. National Congress on Computational Mechanics, Albuquerque, NM., July 28-31, 2003, pp. 366. 

82. • C A Figueroa, ICC. Jansen, T.J.R. Hughes, C.A. Taylor (2003) A New Mathematical Formulation 

, for Modeling Blood Bow in Deformable Arteries: The Coupled Momentum Method for Fluid-Solid 

Interaction Problems. Proceedings of the 2003 US. National Congress on Computational Mechanics, 
Albuquerque, NM., July 28-31, 2003, pp. 408. 

83. R.L. Spilker, D. Parker, J. Feinstein, CA. Taylor (2003) A One-Dimensional Finite Element 
Method Coupled to Morphometry-Based Downstream Trees for Simulation of Blood Flow in 
Pulmonary Arteries. Proceedings of the 2003 US. National Congress on Computational Mechanics, 
Albuquerque, NM., July 28-31, 2003, pp. 194. " 

84. E J. Bekkers, C.A. faylor (2003) Image-Based Finite Element Modeling for Cardiovascular 
Structures. Proceedings of the 2003 US. National Congress on Computational Mechanics, 

^ Albuquerque, NM., July 28-31, 2003, pp. 73. 

85. CP. Cheng, R.J. Herfkens, CA. Taylor, (2003) "In Vivo Quantification of Abdominal Aortic 
Hemodynamic Conditions at Rest and During Cycling Exercise in Healthy Subjects Aged 50-70," 
Proceedings of the International Society for Magnetic Resonance in Medicine 2003. Abstract #150 on 
CDROM. ; 

86. • CA. Taylor (2003) Simulation-Based Medical Planning for Cardiovascular Disease. Proceedings of 

; the 2003 US. National Congress on Computational Mechanics, Albuquerque, NM., July 28-31, 2003, 
pp. 1. 

87. C.A. Taylor, E J. Bekkers, C.A- Figueroa, JJP. Ku, R. Spilker, I. Vignon, N. Wilson, and J.A. 

■* i * Feinstein (2003) Simulation-Based Medical Planning for Cardiovascular Disease. Proceedings of the 
2003 International Biofluids Sumposium, Pasadena, CA, Dec. 13-14, 2003. 

88. CP. Cheng, R.J. Herfkens, J.A. Feinstein, and C.A. Taylor (2003) In Vivo Quantification of Large 
Vessel Hemodynamics Using Exercise-Stress Magnetic Resonance Imaging. Proceedings of the 2003 
International Biofluids Sumposium, Pasadena, CA, Dec. 13-14, 2003. 
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Preface to the Eighth Edition 



In the proration of the eighth editmo of-^Marks/ the editors- had several 
maior objectives. Tfirst, to modernize and update the contents as required: 
second, ro introduce the SI system of units where applicable: and tmrd, to 
re-st 'he Handbook into a cwo-coluran format to enhance the visual presenta- 
tion of textual matter and thereby increase its readability and usefulness 

It is -recognized that, at this time, the U. S. Customary System (USCbl ot 
units "cannot be comoietely replaced ~by the International System (SI). A 
transition from USCS'to SI will proceed at a rational pace to accommodate tne 
need* of the profession, of industry, of the polity, and of the citizenry. The 
transition period most likely will be lone and complex, and duality of units 
probably will be demanded for several decades. Incorporation of dual units to 
the maximum extent possible will make the eighth edition useful for many years 
to professional engineers and" to students. - - 

Established practices and new concepts are the warp and wooi which nor 
only constitute the fabric of the profession, but also serve to keep it alive and 
oroeressive. For example, increased recognition of the social implications 01 
engineering has resulted in a new section on environmental control. 

The editors were cognizant of the competing requirements to offer the user 
the broad spectrum "of information that has made the Handbook. -so useful for 
over sixty years, and yet to keep the size of the one volume within reason. This 
was achieved through the enthusiastic and timely cooperation of contributors, 
reviewers, and publisher. 

Last, the Handbook is ultimately the responsibility of the editors. Meticulous 
care has been exercised to avoid errors, but : if any are inadvertently included, 
the editors will appreciate being informed so that they may be eliminated from 
subsequent printings of this edition. 
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This Handbook is intended to supply both the- practicing engineer snd the 
student with a reference work which is authoritative in character and which 
covers the field of mechanical engineering in 2 comprehensive manner. It is no 
longer possible for a single individual or a small group of individuals to have so 
intimate an acquaintance with any major division of engineering as is necessary 
if critical judgment is to be exercised in the statement of current practice and the 
selection of engineering data. Oniy by the- co-operation of a considerable 
number of specialists is it possible to obtain the desirable degree of reliability. 
This Handbook represents the work of nny specialists. 

Each contributor is to .be regarded as responsible for the accuracy or his 
secrion. The number of contributors required to ensure sufficiently specialized 
knowledge for all the topics treated is necessarily large, k was found desirable to 
enlist-the services of thirteen specialists for an adequate handling of the "Proper- 
ties or* Engineering .Materials. 1 " Such topics as '"Automobiles," "Aeronautics/'* 
"Illumination.*" "Patent Law/'' "Cost Accounting.'* "Industrial Buildings," 
"Corrosion," "Air Conditioning /' "Fire Protection ''Prevention of Accidents/"' 
ere, though occupying relatively small spaces in the book, demanded each 2 
separate writer. 

. A number of the. contributions- which -deal -with engineering practice, after 
examination by the Editor-in-Chief, were submitted by him to one or more 
specialists for criticism and suggestions. Their co-operation has proved of ere2t 
value in securing greater accuracy and in ensuring that the subject matter does 
not embody solely the practice of one individual but is truly representative. 

An accuracy o: four significant figures has beeai assumed as the desirable 
limit: figures in excess of this number have -been -deleted, except in special cases. 
In the mathematical tables only four significant figures have been kept. 

The Editor-in-Chief desires to express here his appreciation of the spirit of 
co-operation shown by the Contributors and of their patience in submitting to 
modiricattons of their sections. He wishes also to thank the Publishers for giving 
him complete freedom and hearty assistance in all macters relating to the book 
from the choice of contributors to the details of tvposrraphy. 



Cambridge. Mess. 
April 2 3, 1916 



Lionel S. Majrics 



"z-xetrp:. 



condition promotes brittle fracture. On the other hand, duccil- 
itv is enhanced and fracture is suBDressed bv triaxiai 
compression! 

Stress Concentration In a structure or machine part hav- 
ing a notch or any abrupt change in cross section, the maxi- 
mum stress will occur at this location and will be greater than 
the stress calculated by" elementary formulas based upon sim- 
plified assumptions as to the stress distribution. The ratio of 
this maximum stress to the nominal stress (calculated by the 
elementary formulas) is the stress-concentration factor E z . 
This is a constant for the particular shape and is independent 
of the material, provided it is isotropic. The stress-concentra- 
tion factor may be determined experimentally or,, in many 
cases, theoretically from the mathematical theory of elasticity. 
The factors shown in Figs. 6 to 1 3 were determined from both 
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photoelastic tests and the theory of elasticity. Stress concen- 
tration will cause failure of brittle materials if the concentrated 
stress is larger than the ultimate strength of the material, in 
ductile materials, concentrated stresses higher than die yield 
strength will generally cause local oiastic deformation and 
redistribution of stresses (rendering them more uniform). On 
the other hand, even with ductile materials areas of stress 
concentration are possible sites for fatigue if the component is 
cvdicallv. loaded. - . 
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Stress-strain curve? ir: iht pissur reo:on tot corr.bjned stress 
ioading car. be constructed. Howe*.*-:. 2 particular stress state 
does nor dctermb; -5 unique r^sin value. Tne iactcr wili 
depend on the strrsr-stsit pain which is followed. 

Plane strain is a condmor. \~hcrc strain j< confined to two 
cirocr.sions. There 1; generally stress in the third direction, 
but because 0: mechanical constraints, strain in this dimension 
t> prevented. PiaDt srratr, occurs m certain mctaiworlonE 
anrrattons. h can aiso occur in the neighborhood of r. crack tip 
in a tensile loaded member if the mernper is sufficiently thick. 
The material at the crack tip is tbtr. in triaxial tension, which 
condition promotes brittle fracture. On the other hand, ductil- 
ity is enhanced and fracture is suppressed by trivial 
compression. 

Stress Concentration In a structure or machine part hav. 
inc 2 notch or any abrupt chancr in cross secDon. the maxi- 
mum stress: will occur at this location and will be greater than 
the stress calculated by elementary formulas based upon sim- 
plified assumptions 3S to tne stres? distribution. The ratio of 
this ma*mauni stress to dve novrunai stress fcatcutated by the 
elementary forrnuias; is the strasj-concentration factor A' f . 
This is a constant for the particular shape and is independent 
0: the roateriai. provided it is isotropic. The srress-conccntra- 
rion factor may be determined experimentally or. in many 
casts, theoretically froaa the mathematical theory of elasnciry. 
The factors sho^'n in Fins, o to were determined from both 
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ohotoelastic tests and the theory of elasticity. Stress concen- 
tration will cause failure of bnttir materials if the concentrated 
stress is larger than the ultimatr strength oj the materia] . In 
ductile materials, concentrated stresses higher than the yield 
strength wt!i generally cause ioca; piasnc deformation and 
redistribution o: stresses i rendering mem more uniform;. On 
tbe other band, even with ducciir materials arcaf of stress 
concentration art possible sites for fatigue it the component is 
cvclicalH* loaded. 



FRACTURE AT LOW STRESSES 

Material; under tension sometimes fail by rapid fracture at 
stresses much beiow their strength level as determined in tests 
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on carefully prepared specimens. These brittle, unstable, or 
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flaws which mav be inherent in a material. 
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Tile tniflstiioo-ttrapcrature approach i> often used to ensun 
fracturc-sare design in strucrural-cradtc steels. These mr.tcnais 
exhibit u characteristic temperature, known as the- duaik brittle 
transjiion (DBT) temperoture. beiou' which they are suscepti- 
ble to brittle fracuirc. The transition -remperaturr approach to 
fraccurc-safc destcm ensures chat thr transition tcmpemturc of 
a material selected for a particular application is suitably 
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[57] ABSTRACT 

A prosthesis for use in preventing re-stenosis after angi- 
oplasty is formed of plastic or sheet metal, and is ex- 
pandable and contractible for placement. The prosthesis 
can be inserted while in a collapsed position, then ex- 
panded and locked at the larger diameter. Spring force 
can be provided by the material itself, or metal springs 
can be embedded within the walls of the prosthesis. 
Preferably, the walls have holes therethrough to pro- 
mote tissue growth; and, in one embodiment, the holes 
are in the form of slots so that the prosthesis is seg- 
mented and can bend longitudinally. 

7 Claims, 2 Drawing Sheets 
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closed position. In the former case, the stent will be put 
ANGIOPLASTY STENT into place in its collapsed condition, then forcibly ex- 

panded by a balloon or the like to the desired locked 
CROSS REFERENCE TO RELATED condition. In the latter case, the stent may be held by a 

APPLICATION 5 pin or the like in its collapsed condition, and the pin 

This application is a division of the pending applies amoved to allow the stent to assume its" open position: 
tion by the same inventor, filed Dec 8, 1987, under Ser. The stent of the present invention may be made from 
No 129,834, pending. °f numerous materials, including metal or the like, 

* , r b ajso including various plastic materials. The plastic 

INFORMATION DISCLOSURE STATEMENT 10 materials may be simply homogeneous molded plastics, 
There has been considerable use of balloon angio- or may comprise s plastic covering over a knit or 
plasty due to stenosis in arteries having atherosclerotic woven mesh. The knit or woven mesh may, in turn, be 
plaque and the like in an effort to enlarge the lumen and metal or plastic. The precise material can be selected to 
to provide adequate blood flow. While such angioplasty achieve the desired features of the stent, 
has been successful, "has been fq^d that in many cases » BRIEF DESCRIPTION OF THE DRAWINGS 
re-stenosis requires that the procedure be repeated. »xv*&» m 

More recently, there have been efforts at following These and other features and advantages of the pres- 
the balloon angioplasty with placement of a stent, the ent invention will become apparent from consideration 
stent being in the nature of a sleeve that will mediant- of the following specification when taken in conjunc- 
cally maintain some minimum lumen diameter. 20 tion with the accompanying drawings in which: 

It will be obvious that, in order to place a stent utiltz- fj<x 1 is a perspective view showing one form of 
ing the balloon angioplasty technology, the stent must made in accordance with the present invention 

necessarily have a sufficiently small external diameter to ^ carried by a coaxial catheter; 
be moved into the desired area by some means such as pjQ 4 2 k an enlarged cross-sectional vjew taken sub- 
a catheter, then to be expanded both to be held in place 25 stantia }j y the j ine 2 — 2 in FIG. 1; 
by the arterial elasticity and to provide the minimum nG 3 ]s2 croS s.sectiona3 view of a slightly modified 
lumen diameter. Prior stents have generally taken the fonn of stenl silQWn - m i{s opcn ^ locked position; 
form of wire mesh that is collapsed for placement into FIG 4 h a fragmentary view showing the stent of 
the artery, then expanded, either by means of a balloon HG 3 after expaJlsion ^yond its maximum, open posi- 
or by its own elasticity. The stent is generally held in 30 ^. 

place simply by the arterial elasticity in the first in- ^ Q $ fe a fragmeMary perspective view, partially in 

stance, and it has been found that equalization takes CTQSS ^ QTlt showing one form of material for use in 

place throughout the stent so tot the entire stent be- eemeAi$ the slenls of lUe prcsem mven;ion; 

™dtovelycmb^mfhev^^. . FIG. 6 is an elevational view showing another modi- 

fied form of stent made in accordance with 'the present 
or the like tend not to be very flexible longuudinaJly so . . . . 

that their primary use is in straight portions of vessels. mv *™ on < the siem bem ? 0n * ^ e f ; 

Also, inflation of the balloon is required to expand the , ^ * a crcss-se^onal view taken substantially 

wire to its desired size in some cases, while other wire along the hne 7-7 m FIG. 6; 

mesh stents tend to take a particular size, and must be 40 ™L * « * fragmentary view showing the stent of 

held by a sleeve or the like during placement. FIG. 7 after expansion; 

* " FIG. 9 is a top plan view of another modified form of 

~ SUMMARY OF THE INVENTION - — - stent made in accordance with the present invention, 

This invention relates generally to prostheses, and is &e stem being shown without the carrying catheter 

more particularly concerned with a prosthesis in the 45 HG. 10 is a bottom plan of the device show in HG. 

form of a stent to be placed ma vessel for mechanically 9 i . 

maintaining an opening. FIG * 11 « an enlarged cross-sectional view taken 

This invention provides a stent for maintaining a substantially along the line 21— 11 m FIG. 9; and, 

minimum opening through an artery or the like, the FIG. 12 is a view similar to FIG. 11 but showing the 

Sent being in the form of a sleeve having a gap so the 50 stent m-hs expanded condition. - 

sleeve has a collapsed position to be assumed during DETAILED DESCRIPTION OF THE 

placement of the stent, and an expanded position for use EMBODIMENTS 
in its final location for maintaining the desired opening. 

In one embodiment of the invention, the stent may be Referring now more particularly to the drawings, 

carried by one catheter while a second coaxial catheter 55 and those embodiments of the invention here presented 

in the nature of a conventional balloon catheter is car- hy way of Ulustration, FIG. 1 shows a stem generally 

tied therem.-This arrangement allows use of the balloon indicated at 15. the stent 15 being carried by a catheter 

catheter to provide a mechanical opening in the vessel, 16. The catheter 16 is one of two coaxial catheters, the 

then to allow the stent to be slipped into place over the other catheter 18 being a generally conventional bal- 

balloon. The balloon can then be used to manipulate the 60 loon catheier having the balloon 19 at its distal end. 

Stent for any necessary opening of the stent and disen- It will be understood by those skilled in the art that, 

gagemeni of the stent from the coaxial catheter. It is in conventional, balloon angioplasty, a catheter such as 

also contemplated that the stent of the present invention the catheter 18 is threaded through the arterial system 

can be carried by a single, generally conventional bal- to place the balloon at the location of the stenosis. The 

loon catheter. 65 balloon 19 is then inflated to urge the arterial wall out- 

The stent of the present invention may selectively be wardly and open the lumen in the artery. This same 

biased towards'a closed position and lockable in an open technique will be utilized with the arrangement shown 

position, or biased in an open position and lockable in a in FIG. 1 of the drawings, the balloon 19 acting to 
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perform the angioplasty; however, after ihe vessel is Turning now to FIG. 6 of the drawings, there is a 
sufficiently open by means of the balloon 19, the coaxial stem indicated at 35 earned at the end of a catheter 36. 
catheter 16 will be manipulated to urge the stent 15 in The catheter 36 includes a balloon 38 as is known m the 
place over the balloon 19, After the stent 15 is over the art. 

balloon 19. the balloon 19 will be inflated to urge the 5 While the above described stents have been biased 
Slent outwardly to its opened condition. inwardly and have been forced outwardly, the stent 35 

Referring to FIG. 2 of the drawings, it will be seen is biased outwardly and U forced inwardly and retained 
that the stent 15 includes a wall 20, the wall 20 having by means of a pin 39. For a full understanding of the 
sufficient memory that the stent as a whole tends to stent 35. attention is directed to FIG. 6. 7 and 8 of the 
maintain its collapsed condition. One end of the wall 20 10 drawings which show both plan view and cross-sec- 
is provided with a hook 21 for engagement with one of rional views of the stent 35, 

a plurality of complementary hook means 21 TheOiook The stent 35 is here shown as having a generally 
21 will necessarily be biased out wardly sufficiently that, smooth wall 40 having a plurality of openings 43 in 
as the hook 21 is urged past the plurality of hook means accordance with the foregoing discussion. Hie wall 40 
22, the hook 21 will engage each of the hooks 22. Be- 15 is biased outwardly towards its maximum diameter; 
cause of this arrangement, when the balloon 19 is not however, for placement by means of the catheter 36, the 
further inflated, the hook 21 will remain engaged with stent 35 is urged inwardly to its minimum diameter, and 
one of the hooks 22 to prevent collapse of the stent 15. .the stent is provided with a first pair of lugs 41 carried 
It will also be noticed that the stcnt lS contains a on the end 42 of the wall 40, and second pair of lugs 44 
plurality of generally circumferential ribs 24. It is con- 20 carried generally toward the opposite end 45 of the wall 
templated that the ribs 24 will engage the arterial walls 40. When the wall 40 is urged inwardly to collapse the 
sufficiently to prevent inadvertent movement of the stent 35, appropriate openings in the lugs 41 and 44 are 
stent after placement and removal of the catheter 16. As aligned, and the pin 39 is placed therethrough to hold 
will be discussed hereinafter, the stent 15 may also con- the stent 35 in its collapsed position, 
tain a plurality of openings to allow tissue to grow 25 As is shown in FIG. 6 of the drawings, it is contem- 
therethrough and further hold the stent 15 in place. plated that the pin 39 will be in the form of a wire that 
Looking now at FIGS. 3 and 4 of the drawings, it will extends along the catheter 36, contained within a chan- 
be seen that the stent 25 is a slightly modified form of ncl 46. With this arrangement, the pin 39 will extend to 
the stent 15. The stent 25 includes the wall 26 which the lug 44 at the distal end of the stent 35, and it will be 
will be biased towards collapse as is the wall 20 of the 30 understood that the distal end lug 44 may have a hole 
stent 15. Once the stent 25 is urged to its expanded that does not extend completely through the lug in 
condition, the interlocking hook means 28 will become order to cover the end of the pin 39. The pin 39 then 
engaged as shown in FIG. 3 to prevent collapse of the extends the full length of the stent 35 and into the chan- 
stent 25 and maintain the stent in its maximum, open . nel 46. While not here illustrated, it will be understood 

condition. ' 35 that the pin 39 extends completely along the length of 

It will be understood that there may be umes when the catheter 36 so the pin 39 can be manipulated exter- 
the stent is improperly placed, or for other reasons must nally of the body so that, at the appropriate moment, the 
be removed. With the stent 25, the ends 29 and 30 of the pin 39 can be removed from the lugs 41 and 44 and 
wall 26 are so biased that, when the stent 25 is expanded allow the stent 35 to expand. 

so far that the ends 29 and 30 are released from engage- 40 As here shown, when the stent 35 expands, the ends 
mem, the end 29 will move inwardly and the end 30 will . 42 and 45 will remain overlapped to some extent. If 
move outwardly. On subsequent release of the stem 25, _ . desired, interlocking grooves 48 and 49 can be provided 
the walls 29 and 30 have exchanged places so tha't the so the stent 35 has a relatively fixed expanded diameter, 
hook means 28 cannot now engage. As a result, the stent Attention is next directed to FIGS. 9-12 of the draw- 
25 w01 collapse to its minimum external diameter. 45 ings which show another modified form of stent. The 
Though many different materials may be utilized m stent 50 is similar to the stent 35 in that it is biased out- 
forming the stents of the present invention, one form of wardly and is forcibly held inward by a pin; however, 
material is illustrated in FIG. 5 of the drawings. In FIG. the stent 50 is considerably different from the stent 35 in 
5 there is a woven network indicated at 31. This woven that the stent 50 is of a somewhat segmented construe- 
network may be metal such as stamless steel or the like, 50 tion to allow longitudinal flexibility. 
or may be a knit or woven plastic material such as poly- In the-top plan view shown in FIG. 9 of the drawings, 
ester filaments. If the network 31 is made of metal, the it will be seen that the stent SO includes a plurality of 
intersections can be sonicaUy welded or otherwise heat segments 51, each segment 51 having a lug 52 thereon 
sealed to one another. for receipt of a pin 54. The segments 51 are interspersed 

Following provision of the network 31, the network 55 with segments 56 on the opposite side of the pin 54, the 
31 is covered by a plastic material indicated at 32. The segments 56 having lugs 58 thereon. As is better shown 
material 32 can again be any of numerous materials, so in FIG. 10 of the drawings*- there is^generaJlyHcontinu- 
long as the material is implantable. Nevertheless, nu- ous spine 59 extending along the bottom of the stent 50 
merous plastic materials including polyethylene, poly* and interconnecting all of the segments 51 and 56. Be- 
ester, polytetraflourocthylene and others can be uri- 60 cause of this construction, it will be seen that the stent 
Uxed. 50 will be readily bendable along its longitudinal axis, 

As illustrated in FIG. 5, the network 32 is simply the bending being resisted only by the relatively narrow 
coated with the material 32 so that openings 34 are spine 59. Furthermore, it will be understood that the 
distributed throughout the material. While the openings individual segments 51 and 56 can be made much 
34 are not necessarily so uniformly distributed, it will be 65 shorter to provide for tighter radii, or relatively long in 
understood that the use of a plurality of openings 54 the event the stent is not intended to be very flexible, 
promotes epithelializatton to promote incorporation of 'Though the stent 50 in FIGS. 9-12 of the drawings is 
the stent into the vessel wall. not shown in conjunction with a catheter, it will be 
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understood by those skilled in the an that the stem will 
be put into place using an arrangement such as that 
shown in FIG. 6 of the drawings. The catheter 36 and 
wire channel 46 would be the same the specific stent 
being the only difference. 5 

PIG* 11 of the drawings shows the crass-secuonal 
shape of the stent 50 while the stent is held in its closed, 
or collapsed, condition by the pin 54. When the pin 54 
is removed, the stent 50 will expand to the condition 
shown in FIG. 12 of the drawings. It will of course be 10 
recognked that a balloon, such as the balloon 38, may 
be utilized to assist in urging the walls of the stent/out- 
wardly to the desired position. 

The material from which the stent 50 is made may be 
any of the numerous materials previously mentioned, 15 
including the material shown in FIG. 5 of the drawings. 
Because the stent 50 is made up of a plurality of individ- 
ual segments 51 and 56, there is no particular need for 
additional openings in the wall of the stent, the spaces 



sleeve selectively to assume a first position wherein said 
wall moves inwardly for providing a collapsed diameter 
of said sleeve, and a second position wherein said wall 
moves outwardly for providing an expanded diameter 
of said sleeve, means for urging said wall in one direc- 
tion towards either said collapsed diameter or said ex- 
panded diameter, and locking means for preventing 
motion of said wall by said means for urging said wall in 
one direction, said one direction being outwardly 
towards said expanded diameter, said locking means 
including a plurality of lugs, at least one lug of said 
plurality of tugs being on each side of said discontinuity 
in said wall, and pin means receivable through said lugs 
for holding said sleeve inwardly at said collapsed diam- 
eter. 

Z A prosthesis as claimed in claim 1, said lugs being 
so placed that said wall is overlapped when said lugs are 
aligned, said pin comprising a wire extending longitudi- 
nally of said sleeve and selectively movable for disen- 



bctween the segments providing adequate openings for 20 gagement from said lugs, 
initial fluid drainage and subsequent epithelial iiation. 3. A prosthesis as claimed in claim 2, and further 

Simply by way of example, FIGS. 10 and 12 illustrate including second locking means for fixing the diameter 
the inclusion of a filament 60 in the wall of the stent. of said wall at said expanded diameter. 
The purpose of the filament 60 is to show that the stent 4. An implantable prosthesis for use in maintaining an 
50 can be made of a plastic material having sufficient 25 opening within an artery, said prosthesis comprising a- 
memory to be urged to the open condition as shown in generally cylindrical sleeve having a wall, said wail 
FIG. 12; or. the stent 50 can be made of a relatively defining a gap longitudinally thereof for allowing said 
flaedd fabric- or the like having spring filaments 60 sleeve selectively to assume a first position wherein said 
embedded therein for urging the stent 50 to its open wall moves inwardly for providing a collapsed diameter 
position. Also, the stent 50 can be made entirely of 30 of said sleeve, and a second position wherein said wall 
metal including well known alloys of platinum and moves outwardly for providing an expanded diameter 
gold, or chromium and cobalt. of said sleeve, means for urging said wall in one direc- 

From the foregoing discussion it will be understood tion towards either said collapsed diameter or said ex- 
that the present invention provides an arterial stent and panded diameter, and locking means for preventing 
a method for placing thestent for preventing re-stenosis 35 motion of said wall by said means for urging said wall in 
• • " - -• ~ - f one direction, said [wall having a bottom, a top > diametri- 

cally removed from said bottom, and comprising a plu- 
rality of segments, a spine extending longitudinally of 
said sleeve along said bottom of said sleeve, each seg- 



following angioplasty or other mechanical opening of 
the lumen in an artery. While several specific designs 
and materials h8ve been disclosed, those skilled in the 
art will recognize that the materials must be implant- 



able, and all portions of the stent must be sufficiently 40 mem of said plurality of segments extending from said 



smooth to prevent trauma during placement. Further, 
all corners and the like should be well rounded to pro- 
mote epithelialization without subsequent trauma due to 
* the presence of sharp edges during natural body mo- 
tions. 

It will of course be understood by those skilled in the 
art that the particular embodiments of the invention 
here presented are by way of illustration only, and arc 
meant to be in no way restrictive; therefore, numerous 



spine, around one side of said sleeve and to said top of 
said sleeve, said plurality of segments being spaced 
•■' apart along" each side of said spine so that said sleeve is 

longitudinally bendable. 
45 5. A prosthesis as claimed in claim 4, and further 
including a plurality of lugs, each lug of said plurality of 
lugs being carried generally at said top of one segment 
of said plurality of segments, such that when said sleeve 
is moved inwardly to said collapsed diameter, said lugs 



changes and modifications may be made, and the full 50 arc aligned, and a pin receivable through said plurality 



use of equivalents resorted to, without departing from 
the spirit or scope of the invention as oudined in the 
appended claims. 
1 claim: 

t An implantable prosthesis for use in maintaining an 55 
opening within an artery, said prosthesis comprising a 
generally cylindrical sleeve having a wall, said wall 
c^fining a gap longitudinally thereof for allowing said 



of lugs constituting said locking means. 

6. A prosthesis as claimed in claim 5, said means for 
urging said wall in one direction including an clastic 
force inherent in said wall. 

7. A prosthesis as claimed in claim 5, said means for 
urging said wall in one direction including spring means 
embedded within said wall. 
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CRAFB OP FORCE NEEDED TO EXPAND STENT 



•'if'"" 




1.5 



1.8 2.1 2.4 2.7 

Expansion diameter (mm) 



Original design 

Modification 1 



TABLES 



TABLE 1: Reaction force (Expansion force) for 3 mm expansion 





Original 
design 


Modification 1 


Modification 2 


Load (lb) 


0.1570 r 


0.1541 


0.1565 



TABLE 2: Maximum stress and strain in first apex region (the apex altered in 
Modification 1) (which is also the maximism stress/strain in the entire design) 





Original 
design 


Modification 1 


Modification 2 


Max. Von 
Mises stress 
(ksi) 


113.149 


105.051 


113.099 


Max. 
equivalent 
plastic strain 
(in/in) 


0.2240 


0.1846 


0.2237 



. TABLE 3: Maximum stress and strain in the second apex region (the apex altered 
in Modification 2) 





Original 
design 


Modification 1 


Modification 2 


Max. Von 
Mises stress 
(ksi) 


81.78 


82.17 


80.27 


Max. 
equivalent 
plastic strain 
(in/in) 


0.100 


0.102 


0.0957 
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[57] ABSTRACT 

Radially expandable endoprostheses or stents are pro- 
vided, as well as their method of manufacture. These 
stents include a plurality of adjacent generally circum- 
ferential sections that are substantially axially posi- 
tioned with respect to each other. At least one of the 
generally circumferential sections has a generally cir- 
cumferentially disposed expandable segment that im- 
parts circumferential and radial expandability to the 
stent. 

20 Chums, 4 Drawing Sheets 
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of an expandable stent of this general type. Gianturco 

RADIALLY EXPANDABLE ENDOPROSTHESIS U.S. Pat. No. 4,580,568 illustrates a percutaneous en- 
AND THE LIKE dovascular stent formed of stainless steel wire that is 

arranged in a closed zig-zag pattern somewhat in the 

BACKGROUND AND DESCRIPTION OF THE 5 nature of a bookbinder spring. Such a structure is some- 
INVENTION what unsymmetrical, and it may be subject to reocclu- 

The present invention generally relates to endopros- sion <* ue to tne ver V * ar g e open s P ace tnat is typically 
thesis devices, to a procedure for making same, and to present between the wires of this type of device. An- 
the use thereof. More particularly, the invention relates other type of stent is known as a Statz stent, and it 
to a generally tubular endoprosthesis that is radially 10 includes a hypodermic tube with longitudinal slots 
expandable between a generally unexpanded insertion etched into its body. While such a device has a high 
circumference and an expanded implantation circumfer- ratio of unexpanded to expanded diameter, it is a com- 
ence which is greater than the unexpanded insertion paratively rigid, sharp-edged device which is difficult 
circumference. Included are a plurality of generally to maneuver through a tortuous path and is not easily 
circumferential sections, one or more of which includes * 5 removed in a transluminal manner, 
one or more expandable segments that are bendable With many of these currently known stent structures, 
members which are generally collapsed when the endo- the axial length of the stent decreases as the circumfer- 
prosthesis is in its generally unexpanded insertion orien- ence of the stent increases, which is typically a disad- 
tation and which are generally opened when the endo- vantage. For example, any such length reduction must 
prosthesis is in its expanded implantation orientation. 20 be taken into consideration in selecting proper stent 

Endoprostheses are known for treating stenoses, sizing for a particular implantation procedure. Also, this 
stricture, aneurysm conditions and the like. An endo- attribute of many prior stents requires the passage 
prosthesis device of this type, which is at times referred through the blood vessel or the like of a stent which is 
to as a stent, is typically placed or implanted by a me- longer than the iength needed for the implanta . 

chamcaJ transluminal procedure Often i a device of this 25 ^ dure bd formed ^ is a particularly 
type is percutaneously implanted withm the vascular difficult blem for procedures in which the ste nt must 
system to reinforce collapsmg partially occluded, be d th h a h havi ^ Qf 
weakened or abnormally dilated localized sections of a iaI1 for a stent £ ructure that £ not easil ^ 

blood vessel or the like. Stents of this type can also be at *j e ' J 
used in the urinary tract, the bile tract, the intestinal 30 ' . 
tract and the like. When endoprostheses or stents are ™ e P" sent m f ventl0n avo t lds * he vano f deficiencies 
used to treat a stenosis condition, typically such is done of these ty f e * of P nor ^structures and provides mi- 
ni association with a dilation element such as an angio- P ortant and advantageous features of endoprostheses or 
plasty balloon. In this instance, the dilation element or s * ents and J he use thereof ; In nummary, the endopros- 
balloon device opens the constriction, and a stent or the 35 thesis of thls invention includes a plurality of generally 
like is positioned thereat in order to prevent or at least circumferential sections that are generally adjacent to 
substantially slow re-formation of the stenosis. one mother along their respective opposing generally 

One attribute of a stent is that it is radially compress- circumferential edges. At least one of these generally 
ible and expandable so that it will easily pass through a circumferential sections has an expandable segment that 
blood vessel or the like when collapsed and will expand 40 imparts radial expandability to the generally circumfer- 
to its implanted size after the stenosis, aneurysm or the ential section. The expandable segment is a bendable, 
like has been reached. It is also desirable that a stent be elbow-like member that is bendable between a generally 
generally flexible throughout its length so that it is eas- collapsed or closed orientation and a generally opened 
ily maneuverable through bends and curves of the orientation and is capable of assuming bending orienta- 
blood vessel or the like. It is typically desirable that a 45 tions between one that is fully closed and one that is 
stent or endoprosthesis have a substantial amount of ful5 Y opened. By this structure, the endoprosthesis or 
open space so as to allow for endothelialization along its stent nas an unexpanded insertion circumference and an 
length, to minimize the foreign body response, and to expanded implantation circumference, which is greater 
minimize interference with collateral blood vessels and tnan }he insertion circumference. In addition, this varia- 
the like. While it is important that a stent or endopros- 50 tion in circumference is achieved without substantially 
thesis lodge securely into place at the desired location, changing the axial length of the endoprosthesis or stent, 
it can be advantageous to have a stent that is removable The stent is made by a procedure that is relatively un- 
through a transluminal percutaneous procedure, should complicated, and, generally speaking, the stent can be 
removal be needed. transluminally explanted if necessary. 

Various currently known stent products have struc- 55 It is a general object of the present invention to pro- 
tures that are essentially coiled springs. When this type vide an improved radially expandable, axialiy extending 
of spring stent is tightly coiled, its diameter is relatively endoprosthesis of the type that can be transluminally 
small for insertion through a blood vessel or the like. implanted. 

When the coil is sprung or coiled more loosely, the stent Another object of the present invention is to provide 
assumes its expanded, implantation orientation. Maass et 60 an improved endoprosthesis or stent that can be con- 
al U.S. Pat. No. 4,553,545 is illustrative of this type of structed to have very large radial expansion capabilities, 
coiled spring stent or endoprosthesis. Multihelix or Another object of this invention is to provide an 
braided stents are also known. Stents of this general improved radially expandable axialiy extending endo- 
type suffer from poor maneuverability, and they are prosthesis that is extremely maneuverable and capable 
relatively thick walled and three dimensional. They are 65 of moving through a tortuous path, 
also difficult to remove once implanted, and they may Another object of the present invention is to provide 
exhibit numerous exposed, relatively sharp or jagged an improved radially expandable axialiy extending en- 
ends. Palmaz U.S. Pat. No. 4,733,665 is representative doprosthesis that can, if desired, be transluminally ex- 
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planted by means of, for example, a snare lead or cathe- 
ter. 

Another object of the present invention is to provide 
an improved radially expandable axially extending en- 
doprosthesis which includes members that can be 5 
spaced apart or pointed in a manner that enhances lodg- 
ing of the endoprosthesis at its implanted site. 

Another object of the present invention is to provide 
an improved axially extending endoprosthesis that can 
be constructed in order to be radially expandable by an 10 
expanding member or balloon of a catheter device and- 
/or can be radially expandable due to spring-like prop- 
erties of the endoprosthesis. 

Another object of this invention is to provide an 
improved procedure for making an axially extending 15 
and/or generally tubular endoprosthesis that is radially 
expandable. 

Another object of the present invention is to provide 
an improved procedure and system for transluminal^ 
explanting an axially extending radially expandable 20 
endoprosthesis or stent. 

Another object of the present invention is to provide 
an improved radially expandable endoprosthesis that 
substantially avoids the presentation of any frayed 
edges and that generally maintains its axial length 25 
throughout various radial expansion positions. 

These and other objects, features and advantages of 
this invention will be clearly understood through a 
consideration of the following detailed description 

BRIEF DESCRIPTION OF THE DRAWINGS 30 

In the course of this description, reference will be 
made to the attached drawings, wherein: 

FIG. 1 is a perspective view illustrating an early step 
in the procedure of making an endoprosthesis according 35 
to the present invention; 

FIG. 2 is an elevational view illustrating a step subse- 
quent to that shown in FIG. 1; 

FIG. 3 is an elevational view showing a manufactur- 
ing step subsequent to that of FIG. 2, while also illus- 40 
trating a substantially completed endoprosthesis in ac- 
cordance with the present invention; 

FIG. 4 is a cross-sectional view along the line 4 — 4 of 
FIG. 3; 

FIG. 5 is an enlarged detail view of a portion of one 45 
end of the endoprosthesis shown in FIG. 3; 

FIG. 6 is a perspective view illustrating an early step 
in the procedure of making another embodiment of the 
endoprosthesis; 

FIG. 7 is an elevational view illustrating a step subse- 50 
quent to that shown in FIG. 6, while also illustrating the 
configuration of a portion of this endoprosthesis prior to 
its circumferential orientation; 

FIG. 8 is a perspective view illustrating an early step 
in the procedure of making a further embodiment of the 55 
endoprosthesis; 

FIG. 9 is an elevational view illustrating a step subse- 
quent to that shown in FIG. 8, while also illustrating the 
configuration of a portion of this endoprosthesis prior to 
its circumferential orientation; 60 

FIG. 10 is an elevational view of an early step in the 
manufacturing procedure for still a further embodiment 
of the endoprosthesis; 

FIG. 11 is an elevational view of a step subsequent to 
that shown in FIG. 10; 65 

FIG. 12 is an elevational view of a manufacturing 
step subsequent to that illustrated in FIG. 11 and which 
shows a length of material suitable for winding on a 
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mandrel in a generally helical manner in order to form 
the endoprosthesis of this embodiment; 

FIG. 13 is a generally cross-sectional view illustrat- 
ing an early step in a procedure for implanting an endo- 
prosthesis according to the present invention, this par- 
ticular procedure being especially suitable for an endo- 
prosthesis having spring-like properties; 

FIG. 14 is a generally cross-sectional view illustrat- 
ing an implantation step subsequent to that shown in 
FIG. 13; 

FIG. 15 is a generally cross-sectional view illustrat- 
ing an implantation step subsequent to that of FIG. 14; 

FIG. 16 is a generally cross-sectional view illustrat- 
ing an implantation step subsequent to that illustrated in 
FIG. 15; 

FIG. 17 is a generally cross-sectional view of an 
implantation step subsequent to that illustrated in FIG. 
16; 

FIG. 18 is a generally cross-sectional view of an 
implanted stent or endoprosthesis in accordance with 
the present invention; 

FIG. 19 is an elevational view of an endoprosthesis 
and distal end of a balloon catheter for an implantation 
procedure that is especially suitable for an endoprosthe- 
sis according to the present invention that is con- 
structed of a malleable-type of material; 

FIG. 20 is a generally cross-sectional illustration of 
the endoprosthesis and catheter of FIG. 19 positioned 
within a blood vessel; 

FIG. 21 is a generally cross-sectional illustration of an 
implantation stage subsequent to that shown in FIG. 20; 

FIG. 22 is a generally cross-sectional illustration of an 
implantation stage subsequent to that shown in FIG. 21; 

FIG. 23 is a generally cross-sectional illustration of an 
implanted stent or endoprosthesis according to the pres- 
ent invention; 

FIG. 24 is a generally cross-sectional illustration of a 
snare catheter shown explanting a stent or endoprosthe- 
sis in accordance with the present invention; and 

FIG. 25 is a generally cross-sectional illustration 
showing a further stage of the explanation procedure 
illustrated in FIG. 24. 

DESCRIPTION OF THE PARTICULAR 
• EMBODIMENTS 

A radially expandable axially extending endoprosthe- 
sis or stent is generally designated as 31 in FIG. 3, as 
well as in FIG. 4. The stent includes a plurality of gen- 
erally circumferential sections 32. In this illustrated 
embodiment, each of the circumferential sections 32 are 
formed from the same continuous, helically wrapped 
length, such as the undulating length 33 shown in FIG. 
2. 

At least one of the circumferential sections 32 in- 
cludes at least one expandable segment 34. Expandable 
segment 34 is a bendable member that typically includes 
one or more legs 35. Each leg 35 is bendably secured to 
the rest of the circumferential section 32 by a so-called 
living joint or hinge that is a unitary or integral compo- 
nent of the leg 35 and the adjacent portion of the cir- 
cumferential section 32, For example, in the embodi- 
ment illustrated in FIGS. 1 through 5, each leg 35 is 
bendably joined to another leg 35 through an integral or 
living hinge 36 which has a generally arcuate shape. 
When the stent 31 expands, the integral hinge 36 per- 
mits end portions 37 of the legs 35 to move farther 
apart, thereby increasing the circumference and diame- 
ter of the stent 31. Of course, the circumference and 
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diameter of the stent 31 can be reduced by forces which 
move these end portions 37 closer to each other. 

An understanding of the manner in which the endo- 
prostheses according to this invention, such as the stent 
31, can be made will be obtained from a consideration of 5 
FIGS. 1, 2 and 3. FIG. 1 shows a mandrel 38 that has a 
cross-sectional configuration that is somewhat oval in 
shape. Mandrel 38 can, for example, be a circular tube 
or rod that has been flattened on two opposing longitu- 
dinal portions in order to provide a cross-section that is 10 
generally rectangular in shape, with two opposing end 
portions thereof being arcuate or rounded. The mandrel 
is preferably composed of a malleable metal such as 
copper of the like. 

A strand 39 of wire or other material, as generally 15 
discussed elsewhere herein, is generally tightly wound 
over the mandrel to the extent that the strand 39 takes 
on a cross-sectional shape along the lines of that of the 
mandrel 38. Preferably, this winding is done in a manner 
such that there is a substantial spacing between each 20 
individual wind of the strand 39. Generally speaking, 
the tighter the wind and the thinner the mandrel, the 
closer will be the spacing between the expandable seg- 
ments 34 of the completed stent 31. After this winding 
has been completed, the wound strand 39 on the man- 25 
drel 38 is preferably heat annealed using a conventional 
annealing process for the type of wire used. 

After this winding and annealing procedure has been 
completed, the mandrel 38 is removed from the wound 
strand 39. Removal of the wound strand is facilitated by 30 
axially stretching the malleable mandrel to effectively 
reduce its diameter. The wound strand 39 is then sub- 
jected to flattening forces so that the three-dimensional 
wound strand 39 is transformed into a generally planar ■ 
shape such as that of the undulating length 33 shown in 35 
FIG. 2. These forces may be applied by any suitable 
means. For example, the wound strand 39 can be com- 
pressed between two planar surfaces, during which 
procedure, portions of the wound strand 39 are twisted 
until the generally uni-planar undulating length 33 is 40 
formed. This length has a generally sinusoidal charac- 
ter. 

In order to complete formation of the stent 31 illus- 
trated in FIG. 3, the undulating length 33 is then 
wound, in a generally helical manner, around a substan- 45 
tially cylindrical mandrel 41, as is generally illustrated 
in FIG. 3. This generally helical wrapping procedure 
continues until the desired number of circumferential 
sections are formed in order to provide a stent 31 of a 
desired length. It may, depending upon the type of wire 50 
used, be necessary to heat anneal the helical winding of 
FIG. 3. 

With reference to FIG. 5, this winding procedure 
that is generally illustrated in FIG. 3 includes proceed- 
ing in a manner so as to avoid the presentation of any 55 
loose ends in the completed stent 31. This is readily 
accomplished by forming the strand 39 and the undulat- 
ing length 33 so that each end circumferential section 42 
has a free end 43 that readily hooks onto an adjacent 
portion of the stent 31, such as an integral hinge 36 of 60 
the circumferential section 32 that is adjacent to and 
inwardly spaced from the end circumferential section 
42. The free end 43 illustrated in FIG. 5 is in the nature 
of a hook portion that readily loops or tucks into the 
integral hinge 36. It may be desirable in some embodi- 65 
ments to weld this hook to hinge 36. 

Regarding the embodiment shown in FIGS. 6 and 7, 
the mandrel around which the strand 39 is wound is a 



substantially rectangular mandrel 44. As a result, the 
generally planar structure that is subsequently formed is 
an undulating length 45 that includes a plurality of legs 

46 joined by a unitary or integral hinge or living hinge 

47 that is typically less arcuate than the integral hinge 
36. This undulating length 45 is then formed into an 
endoprosthesis or stent by helically winding same on a 
structure such as the cylindrical mandrel 41. 

Another embodiment of the endoprosthesis or stent is 
made in a manner generally illustrated in FIGS. 8 and 9. 
Here, the mandrel is a generally lens-shaped mandrel 51 
which has a transverse cross-section that can be de- 
scribed as defining two convex surfaces positioned in 
back-to-back relationship with each other. Much in the 
same manner as the other embodiments, the elongated 
strand 39 is wound around the lens-shaped mandrel 51 
and then preferably heat annealed. The mandrel 51 is 
subsequently moved therefrom, and the wound strand 
39 is rendered substantially uni-planar in order to form 
undulating length 52 that is suitable for forming into a 
stent by wrapping around the mandrel 41. 

Another embodiment illustrating the manufacture of 
an endoprosthesis or stent in accordance with this in- 
vention is generally illustrated in FIGS. 10, 11 and 12. A 
strand is wound around a small-diameter mandrel 53 
which is circular in cross-section. In this case, the strand 
is formed into a tightly wound helix 54. Thereafter, the 
mandrel 53 is removed, and the strand is formed into a 
more loosely wound helix 55. For example, the helix 55 
can be elongated such that the pitch angle is less than 
approximately 60°. This helix 55 is then flattened gener- 
ally in the manner previously discussed, for example to 
10 tons in a pneumatic press, in order to form a gener- 
ally uni-planar undulating length 56. If desired, the 
length 56 can be axially compressed in a contained mold 
to the desired "pitch angle. Length 56 is suitable for 
winding around cylindrical mandrel 41 in order to 
thereby form an endoprosthesis or stent. 

Stents illustrated herein are typically capable of mov- 
ing through a tortuous path that may be encountered in 
vascular system implantation. Such stents can be easily 
axially bent over a relatively small radius without dam- 
age or high bending resistance. 

It should be. appreciated that in the illustrated em- 
bodiments, each circumferential section 32 is generally 
identical. It is also possible within the spirit of the inven- 
tion to provide circumferential sections that are not this 
uniformly shaped. For example, the circumference of 
adjacent sections can differ in order to form a stent that 
is not strictly shaped in the nature of a right cylinder. 
For example, tapered, truncated cone-shaped stents or 
stepped stents can be provided. In addition, in some 
applications*, it can be suitable to include circumferen- 
tial sections that are not composed entirely of expand- 
able segments, but instead could include non-expanda- 
ble portions that are joined by expandable segments. It 
also may be possible to provide stents within the spirit 
of the present invention which include one or more 
circumferential sections that form a stent device with- 
out proceeding with helical winding around cylindrical 
mandrel 41 or the like. 

It is also possible to provide a stent that has a gener- 
ally bifurcated structure for use in situations in which 
the stenosis, aneurysm or the like that is to be treated is 
at a branching location within the vascular system or 
the like. Such a bifurcated stent structure can be 
formed, for example, by joining portions of the oppos- 
ing ends of two different unitary stents in order to pro- 
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vide a total structure that is bifurcated, Y-shaped or the FIGS. 19 through 23 show an arrangement that is 

like. It should also be appreciated that the stent can be especially suitable for non-elastic stents in which the 

composed of a plurality of helical strands in a parallel or expandable segments thereof are made of malleable 

antiparallel configuration. material. With reference to FIGS. 19 and 20, a stenosis 

The materials out of which stents according to the 5 or lesion 61 within blood vessel 62 is transluminal^ 
present invention can be made, and especially the ex- reached by a balloon catheter 71 having a stent 31 over- 
pandable segments thereof, fall into two general catego- lying the collapsed balloon 72 of the catheter 71. The 
ries. The material can be either elastic or generally balloon 72 is then expanded in a well-known manner, at 
inelastic. Examples of elastic materials include spring which time the stent 31 is also expanded by opening the 
steels, stainless steel, Nitinol, Elgiloy, an alloy known as 10 expandable segments thereof. An intermediate dilation 
NP36N, and the like. Generally inelastic materials can position is shown in FIG. 21, and an initially dilated 
be characterized as being malleable. Included are tanta- lesion 61a is shown therein. FIG. 22 shows additional 
lum, titanium, silver, gold, and annealed versions of the dilation by the balloon 72, and the thus treated lesion 
elastic materials described herein. Polymers may also be 61b is also shown. After this stage is achieved, the bal- 
used, such as polyether sulfone, polyimide, polycarbon- 15 loon catheter 71 is removed, as shown in FIG. 23. 
ate, polypropylene, ultra high molecular weight poly- The stent 31 remains in place as generally illustrated 
ethylene, carbon fiber, Kevlar, and the like. It is also in FIG. 23 because the malleable material (or for that 
possible to coat these materials with porous or textured matter an elastic material) exerts a hoop stress when it is 
surfaces for cellular ingrowth and the like or with non- expanded to the size illustrated in FIG. 23 such that it 
thrombogenic agents such as pyrolytic carbon, heparin, 20 will not collapse by inwardly directed radial forces 
hydrogels, Teflon materials, silicones, polyurethanes presented by the treated lesion and vessel wall or the 
and the like. The stents can be treated so that drugs can like. In other words, the hoop stress of the expanded 
be eluted therefrom. It is also possible that certain stents stent is greater than the hoop forces exerted by the 
may be made of biodegradable materials. In any event, passageway within which the stent is implanted. In 
the stent material, of course, is to be biocompatible. It 25 addition, the force required to open the collapsed stent 
should also be appreciated that the strand of stent mate- by the balloon is less than the hoop force provided by 
rial can be round in cross-section as is typical of wires, the balloon. In other words, the hoop stress of the col- 
or it can be flat or rectangular in cross-section, for ex- lapsed or unextended stent is less than that of the hoop 
ample. force provided by the pressurized balloon of the cathe- 

FIGS. 13 through 18 illustrate an implantation proce- 30 ter. One feature that can contribute to the advantageous 
dure and an insertion system that is particularly suitable hoop stress properties of the malleable stents of the type 
for stents that are constructed of an elastic material such illustrated in the drawings is the ability of the stent to 
as spring steel. A stenosis or lesion 61 is shown within a expand well beyond that needed to effect the dilation 
blood vessel 62. The stent 31 is positioned on a balloon procedure. For example, a typical dilation procedure 
catheter, generally designated as 63. An introducer tube 35 and stent extension is one in which the fully extended 
or plunger 64, or a similar stop-providing structure, is dilating diameter or circumference is approximately 
positioned along the outside surface of the catheter tube three times the insertion or collapsed diameter or cir- 
65, The stent 31 is located distally of the member 64, cumference. With stent structures such as those illus- 
and a sheath 66 holds the stent 31 in a generally com- trated in the drawings, the amount of possible expansion 
pressed state during which the expandable segments of 40 can be on the order of two to twenty times, depending 
the stent 31 are generally collapsed or closed. FIG. 13 upon the length of each undulation and the distance 
further shows the balloon 67 of the catheter in a mode between the legs. This feature, together with the malle- 
in which it is exerting outwardly radially directed ability of the particular material utilized, tends to re- 
forces on the lesions in order to dilate same to provide duce the hoop force that is needed to expand the stent to 
a wider opening as generally illustrated in FIG. 14 in 45 about three times its insertion or collapsed configura- 
order to thereby generally reduce the overall extent of tion. 

the lesion to the general configuration of initially FIGS. 24 and 25 illustrate a stent withdrawal proce- 

treated lesion 61a. At this time, the balloon 67 is col- dure and a snare catheter system that can be used to 

lapsed, and the catheter 63 is moved in a distal direction remove or explant implanted stents according to the 

so that the collapsed stent 31 is generally positioned 50 present invention. A snare catheter, generally desig- 

within the lesion 61a, Next, as illustrated in FIG. 15, the nated as 74, is illustrated. An elongated member 75 is 

sheath 66 is withdrawn by moving same in a generally slidably positioned within a catheter body 76. Elon- 

proximal direction, and the stent 31 is released from the gated member 75 includes a hook member 77 at its distal 

sheath 66. This release can be such that adjacent cir- end. When extended into the stent 31, the hook member 

cumferential sections of the stent expand in a generally 55 77 snares a portion of the stent 31. A suitable control 

sequential manner, which is generally illustrated in structure, such as the puller assembly 78 illustrated is 

FIG. 15. manipulated in order that the hook member moves in a 

After this procedure is completed, the entire stent 31 proximal direction, with the result that the stent begins 

has been sprung, and it springingly engages the dilated to uncoil and is opened to such an extent that it can be 

lesion 61a, which is generally illustrated in FIG. 16. 60 passed through the blood vessel 62 or the like until it is 

Thereafter, as seen in FIG. 17, the catheter 63 can be totally removed from the body by continued movement 

moved in a generally proximal direction until the bal- of the elongated member 75 in the proximal direction, 

loon 67 is again generally aligned with the dilated lesion For purposes of illustration, the following details are 

61a, as desired. Then, the balloon 67 can be pressurized given regarding a typical stent 31. An exemplary mal- 

in order to further implant the stent 31 and in order to 65 leable material is tantalum wire having a diameter of 

further dilate the lesion as desired so as to form a treated 0.005 inch wound on a mandrel having a nominal diam- 

lesion 61b which remains after the catheter 63 is re- eter of 0.020 inch. The length of each leg 46 is on the 

moved, as is generally shown in FIG. 18. order of about 0.048 inch, and the center-to-center spac- 
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ing between adjacent integral or living hinges 36 is 
about 0.010 inch. A typical collapsed or insertion outer 
diameter for such a stent is about 0.085 inch, with the 
inner diameter thereof being about 0.075 inch. The 
overall length of the stent 31 is selected to be that gener- 5 
ally needed to treat the lesion or the like inasmuch as the 
overall length of the stent will remain substantially the 
same whether it is collapsed or extended, except to the 
degree that the legs 46 of the exterior circumferential 
sections 32 move somewhat inwardly as the hinge is 10 
flexed, thereby somewhat nominally decreasing the 
overall length of the stent. A typical expanded diameter 
is 0.240 inch outside diameter with 0.230 inch inside 
diameter. The expansion ratio is approximately 2.8 in 
this representative device. 15 

It will be understood that the embodiments of the 
present invention which have been described are illus- 
trative of some of the applications of the principles of 
the present invention. Numerous modifications may be 
made by those skilled in the art without departing from 20 
the true spirit and scope of the invention. 

I claim: 

1. A radially expandable endoprosthesis, comprising: 
a plurality of generally circumferential sections, in- 
cluding end arid intermediate generally circumfer- 25 
ential sections, said end and intermediate generally 
circumferential sections being substantially adja- 
cent to one another and generally parallel to each 
other in order to thereby generally defined an en- 
doprosthesis having a longitudinal axis along 30 
which each of said generally circumferential sec- 
tions are axially spaced; 

each of said generally circumferential sections in- 
cludes an expandable segment that imparts radial 
expandability to said generally circumferential sec- 35 
tion whereby said section has an unexpanded inser- 
tion circumference and an expanded implantation 
circumference which is greater than said unex- 
panded insertion circumference; 

said expandable segment of each generally circumfer- 40 
ential section is a generally foldable member that is 
bendable between a generally closed orientation 
and a generally opened orientation so as to impart 
radial expandability to the generally circumferen- 
tial section; 45 

said generally circumferential sections form a contin- 
uous helix that defines an axially extending endo- 
prosthesis; wherein said end sections each include a 
free end; and 

means for engaging the free end of each of said end 50 
sections with an adjacent one of said intermediate 
generally circumferential sections, thereby avoid- 
ing the presentation of loose ends on the endopros- 
thesis. 

2. The endoprosthesis according to claim 1, wherein 55 
said foldable member includes a generally elbow-like 
member. 

3. The endoprosthesis according to claim 1, wherein 
said foldable member includes a pair of legs unitarily 
connected together at a bendable portion. 60 

4. The endoprosthesis according to claim 1, wherein 
said generally circumferential sections form a substan- 
tially cylindrical endoprosthesis. 

5. The endoprosthesis according to claim 1, wherein 
said expandable segment is a malleable member, and 65 
wherein the expanded implantation circumference is 
achieved by radially directed forces from an expandable 
element of a catheter. 



6. The endoprosthesis according to claim 1, wherein 
each of said generally foldable members has a pair of 
legs joined by a substantially U-shaped portion, and 
alternating ones of said substantially U-shaped portions 
are substantially oppositely oriented. 

7. The endoprosthesis according to claim 1, wherein 
said generally foldable member is substantially V- 
shaped. 

8. The endoprosthesis according to claim 1, wherein 
each of said generally foldable members has a pair of 
legs joined by a substantially V-shaped portion, and 
alternating ones of said substantially V-shaped portions 
are substantially oppositely oriented. 

9. The endoprosthesis according to claim 1, wherein 
said endoprosthesis is generally tubular, and respective 
circumferential edges of respective generally circum- 
ferential sections are generally adjacent to each other. 

10. The endoprosthesis according to claim 1, wherein 
said expandable segment of each generally circumferen- 
tial section had been formed by winding a strand on a 
shaped mandrel to form a wound strand which was 
subsequently flattened to a generally uni-planar config- 
uration, and wherein said generally uni-planar wound 
strand was subsequently wrapped around another man- 
drel and removed therefrom to thereby provide said 
radially expandable endoprosthesis. 

11. The endoprosthesis according to claim 1, wherein 
each of said generally foldable members has a pair of 
legs joined at substantially right angles at opposite ends 
of a substantially straight section in order to thereby 
define generally right-angled zig-zag structure. 

12. A radially expandable endoprosthesis, compris- 
ing; 

a plurality of generally circumferential sections, in- 
cluding end and intermediate generally circumfer- 
ential sections, said end and intermediate generally 
circumferential sections being substantially adja- 
cent to one another and generally parallel to each 
other in order to thereby generally define an endo- 
prosthesis having a longitudinal axis along which 
each of said generally circumferential sections are 
axially spaced; 

each of said generally circumferential sections in- 
cludes an expandable segment that imparts radial 
expandability to said generally circumferential sec- 
tion whereby said section has an unexpanded inser- 
tion circumference and an expanded implantation 
circumference which is greater than said unex- 
panded insertion circumference; 

said expandable segment of each generally circumfer- 
ential section is a generally foldable member that is 
bendable between a generally closed orientation 
and a generally opened orientation so as to impart 
expandability to the generally circumferential sec- 
tion; 

said generally circumferential sections form a contin- 
uous helix that defines an axially extending endo- 
prosthesis; wherein said end sections each have a 
free end; and 

hook means for engaging the free end of each of said 
end portions to an adjacent one of said intermediate 
generally circumferential sections, thereby avoid- 
ing the presentation of loose ends on the endopros- 
thesis. 

13. The endoprosthesis according to claim 12, 
wherein said generally foldable member is substantially 
U-shaped. 
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14. A radially expandable endoprosthesis assembly, 
comprising: 

a plurality of generally circumferential sections, in- 
cluding end and intermediate generally circumfer- 
ential sections, said end and intermediate generally 
circumferential sections being substantially adja- 
cent to one another and generally parallel to each 
other in order to thereby generally define an endo- 
prosthesis having a longitudinal axis along which 
each of said generally circumferential sections are 
axially spaced; 

each of said generally circumferential sections in- 
cludes an expandable segment that imparts radial 
expandability to said generally circumferential sec- 
tion whereby said section has an unexpanded inser- 
tion circumference and an expanded implantation 
circumference which is greater than said unex- 
panded insertion circumference; 

said expandable segment of each generally circumfer- 
ential section is a generally foldable elastic spring- 
like member that is bendable between a generally 
closed orientation and a generally opened orienta- 
tion so as to impart radial expandability to the 
generally circumferential section; 

said generally circumferential sections form a contin- 25 
uous helix that defines an axially extending endo- 
prosthesis; wherein said end section each have a 
free end; and 

means for engaging the free end of each of said end 
sections with an adjacent one of said intermediate 30 
generally circumferential sections, thereby avoid- 
ing loose ends on the endoprosthesis; and 

further including overlying sheath means for main- 
taining the unexpanded insertion circumference of 
the endoprosthesis in opposition to outwardly di- 
rected generally radial forces imparted by said 
elastic spring-like member onto an inside surface of 
the sheath means until said spring-like member is 
removed from the sheath to obtain said expanded 
implantation circumference. 

15. An implantable and explantable endoprosthesis 
system, comprising a radially expandable axially ex- 
tending endoprosthesis and a device for transluminal^ 
expianting the endoprosthesis; said endoprosthesis in- 
cludes: 

a plurality of generally circumferential sections, in- 
cluding end and intermediate generally circumfer- 
ential sections being substantially adjacent to one 
another and generally parallel to each other in 
order to thereby generally define an endoprosthesis 
having a longitudinal axis along which each of said 
generally circumferential sections are axially 
spaced, 

each of said generally circumferential sections in- 
cludes an expandable segment that imparts radial 
expandability to said generally circumferential sec- 
tion whereby said section has an unexpanded inser- 
tion circumference and an expanded implantation 
circumference which is greater than said unex- 
panded insertion circumference, 

said expandable segment of each generally circumfer- 
ential section is a generally foldable member that is 
bendable between a generally closed orientation 
and a generally opened orientation so as to impart 
expandability to the generally circumferential sec- 
tion, 

said generally circumferential sections form a contin- 
uous helix that defines an axially extending endo- 
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prosthesis; wherein said end sections each have a 
free end; 

means for engaging the free end of each of said end 
sections with an adjacent one of said intermediate 
generally circumferential sections, thereby avoid- 
ing loose ends on the endoprosthesis; and 
said device for transluminal! y expianting the endo- 
prosthesis includes: 
a catheter member that is percutaneously insertable 
into a blood vessel or the like within which said 
endoprosthesis has been radially expanded and 
implanted, 

an elongated member slidably mounted within said 
catheter member, said elongated member having a 
proximal portion exterior of the body, 
snaring means at a distal end of the elongated mem- 
ber, said snaring means having a size whereby it 
slidably passes through said catheter member, 
means for manipulating a proximal portion of the 
elongated member from a location exterior of the 
body, said manipulating means facilitating engage- 
ment of said snaring means with one of said circum- 
ferential sections of the implanted endoprosthesis, 
puller means for sliding the elongated member and 
the snaring means in a proximal direction within 
said catheter member by moving the body-exterior 
proximal portion of the elongated member in a 
direction away from the endoprosthesis, and 
said puller means further being for at least partially 
uncoiling said helix and for reducing the radial size 
of the endoprosthesis to less than said expanded 
implantation circumference and such that it will 
pass through the catheter member and from the 
body, whereby the endoprosthesis of reduced ra- 
dial size has been fully explanted. 

16. The system according to claim 15, wherein each 
of said generally foldable members has a pair of legs and 
a foldable portion, and alternating ones of said foldable 
portions are substantially oppositely oriented* 

17. The system according to claim 1, wherein said 
foldable member of the endoprosthesis includes a gener- 
ally elbow-like member. 

18. The system according to claim 15, wherein said 
foldable member of the endoprosthesis includes a pair of 
legs unitarily connected together at a bendable portion. 

19. The system according to claim 15, wherein said 
expandable segment of the generally circumferential 
section of the endoprosthesis had been formed by wind- 
ing a strand on a shaped mandrel to form a wound 
strand, said wound strand having been subsequently 
flattened, and said circumferential section is defined by 
said flattened wound strand in that said flattened wound 
strand was subsequently wrapped around a mandrel and 
removed therefrom to thereby provide said radially 
expandable endoprosthesis. 

20. An implantable and explantable endoprosthesis 
system, comprising a radially expandable axially ex- 
tending endoprosthesis and a device for transluminal^ 

60 expianting the endoprosthesis; said endoprosthesis in- 
cludes: 

a plurality of generally circumferential sections, in- 
cluding end and intermediate generally circumfer- 
ential sections, said end and intermediate generally 
circumferential sections being substantially adja- 
cent to one another and generally parallel to each 
other in order to thereby generally define an endo- 
prosthesis having a longitudinal axis along which 
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each of said generally circumferential sections are 
axially spaced, 

each of said generally circumferential sections in- 
cludes an expandable segment that imparts radial 
expandability to said generally circumferential sec- 5 
tion whereby said section has an unexpanded inser- 
tion circumference and an expanded implantation 
circumference which is greater than said unex- 
panded insertion circumference, 

said expandable segment of each generally circumfer- 10 
ential section is a generally foldable member that is 
bendable between a generally closed orientation 
and a generally opened orientation so as to impart 
radial expandability to the generally circumferen- 
tial section, 15 

said generally circumferential sections form a contin- 
uous helix that defines an axially extending endo- 
prosthesis; wherein said end sections each have a 
free end, and 

means for engaging the free end of each of said end 20 
sections with an adjacent one of said intermediate 
generally circumferential sections, thereby avoid- 
ing the presentation of loose ends on the endopros- 
thesis; and 

said device for transluminal^ explanting the endo- 25 
prosthesis includes: 



14 

an elongated member that is percutaneously insert- 
able into a blood vessel or the like within which 
said endoprosthesis has been radially expanded and 
implanted, said elongated member having a proxi- 
mal portion exterior of the body, 

snaring means at a distal end of the elongated mem- 
ber, 

means for manipulating a proximal portion of the 
elongated member from a location exterior of the 
body, said manipulating means facilitating engage- 
ment of said snaring means with one of said circum- 
ferential sections of the implanted endoprosthesis, 

puller means for sliding the elongated member in a 
proximal direction by moving the body-exterior 
proximal portion of the elongated member in a 
direction away from the endoprosthesis, 

said puller means further being for at least partially 
uncoiling said helix and for reducing the radial size 
of the endoprosthesis to less than said expanded 
implantation circumference and such that said en- 
doprosthesis will pass through the blood vessel or 
the like, and 

means for completely removing the elongated mem- 
ber from the body until the endoprosthesis of re- 
duced radial size has been fully explanted. 
***** 
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Col. 5, line 14, "of" should read — or — . 

Col. 9, line 29, "defined" should read —define—. 

Col. 11, line 27, "section" should read —sections—; line 48, after 
"sections" insert — ; said end and intermediate generally circumferential 
sections — . 

Col. 12, line 41, "1," should read —15, — . 
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Signed and Sealed this 
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[57] ABSTRACT 

An improved stent provides mechanical anchoring of 
the stent to a blood or other body vessel. The stent has, 
in a preferred embodiment, barbs which remain within 
the surface of the stent when the stent is in its unex- 
panded condition, but which extend from the surface of 
the stent when the stent is expanded. These barbs are 
adapted to engage, for example, a graft and/or the inner 
layers of a blood vessel to mechanically attach the stent 
to the vessel. Because friction is not solely relied upon 
to hold the stent in place, the stent may exert less force 
on the blood vessel which, in turn, means that a thinner 
stent requiring less force for expansion may be used. In 
addition, there may be less radial force permanently 
exerted in an artery after stent deployment which may 
be less injurious to the vessel 
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INTRALUMINAL STENT 

FIELD OF THE INVENTION 

This invention relates to intraluminal stents and, more 5 
particularly, to intraliiminal stents of the type used to 
retain a grafted stent within a blood vessel. 

BACKGROUND OF THE INVENTION 

Endoluminal grafts have been used to repair blood 1C 
vessels affected with any of a variety of lesions which 
can compromise circulation through the blood vessel to 
a portion of the body. The graft may be made of dacron, 
expanded polytetrafluoroethelyne (ePTFE), or a natu- 
ral substitute such as a vein or artery taken from another 15 
portion of the body. Typically, the graft is held in place 
within a blood vessel by means of an expandable stent. 

A variety of different stents have been used and pro- 
posed for this purpose. One stent, known as a Palmaz 
stent, has been used as a means for anchoring a graft 
within a blood vessel. The Palmaz stent is illustrated in 
FIGS. 1A and IB of Palmaz U.S. Pat. No. 5,102,417. In 
this patent, the Palmaz stent is characterized as an "ex- 
pandable mtraluminal graft" The patent contains an 25 
extensive description of the prior art and the problems 
which the Palmaz stent was designed to overcome. U.S. 
Pat. No. 5,102,417 (the "Palmaz patent") and its parents 
are hereby incorporated by reference into this specifica- 
tion. 

The basic Palmaz stent comprises a mesh-like tubular 
member which can be expanded from a first diameter to 
a second diameter. The stent may be expanded by 
means of a balloon catheter, the force applied by the 
balloon exceeding the elastic limit of the stent so that 35 
when the balloon is deflated, the stent remains in its 
expanded form. Since expansion of the stent can be 
closely controlled, if the stent is expanded into contact 
with the surface of a blood vessel, a graft positioned 
between the stent and blood vessel can be secured 40 
within the blood vessel. 

As explained in the Palmaz patent, the Palmaz stent 
provides benefits in addition to the ability to anchor a 
graft at a desired location withrin a blood vessel. For 
example, the stent can be used by itself to prevent the 45 
recurrence of stenoses, and to prevent recoil of an elas- 
tic vascular stenosis. It is usable in critical vessels such 
as the left main coronary artery where the possibility of 
the intimal flap blocking blood flow limits the use of 
balloon dilatation procedures. 50 

SUMMARY OF THE INVENTION 

The present invention provides an improvement over 
the basic Palmaz stent in that it provides a means for 
mechanically anchoring the stent to the blood vessel. In 55 
the preferred embodiment, these means comprise barbs 
which remain within the surface of the stent when the 
stent is in its unexpanded condition, but which extend 
from the surface of the stent when the stent is expanded. 
These barbs are adapted to engage the graft and the 60 
surface of the blood vessel to mechanically attach the 
stent to the vessel. Because friction is not solely relied 
upon to hold the stent in place, the stent may exert less 
force on the blood vessel which, in turn, means that a 
thinner stent requiring less force for expansion may be 65 
used. In addition, there may be less radial force perma- 
nently exerted in an artery after stent deployment 
which may be less injurious to the vessel. 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of a preferred embodi- 
ment of the invention showing the stent in its unex- 
panded condition; 

FIG. 2 is a perspective view of the stent of FIG. 1 in 
its expanded condition; 

FIG. 3 is an exploded view of a portion of the stent 
showing the manner in which the barb is connected to 
the mesh-like wall of this stent; 

FIG. 4 is a sectional view along the line 4 — 4 of FIG. 
2; and 

FIG. 5 is a perspective view of a modification of the 
preferred embodiment showing the stent in its unex- 
panded condition with a staggered arrangement of cir- 
cumferential ribs. 

DETAILED DESCRIPTION OF THE 
INVENTION 

In its preferred embodiment, the invention is intended 
to be used as part of a stented graft, but it is contem- 
plated that the invention would have utility for other 
purposes, including but not limited to the purposes 
itemized in the Palmaz patent. 

Delivery and deployment of a stent in accordance 
with the invention may be by conventional means in- 
cluding, but not limited to, the balloon catheters dis- 
closed in the Palmaz patents. The mechanical delivery 
and deployment means disclosed in U.S. patent applica- 
tion Sen No. 08/196,278 filed on Feb. 10, 1994, in the 
names of Michael and Ralph Marin and entitled APPA- 
RATUS AND METHOD FOR DEPLOYMENT OF 
RADIALLY EXPANDABLE STENTS BY A ME- 
CHANICAL LINKAGE may also be used. Since the 
device for delivering and deploying the stent forms no 
part of this invention, it is neither illustrated nor de- 
scribed in this application. 

Referring now to the drawings, a stent comprises a 
tubular mesh-like member 10. The stent may be made 
from a stainless steel tube or other metal in which elon- 
gated openings 12 are cut, for example by conventional 
laser cutting techniques or electrical discharge machin- 
ing. Removal of the tubular material to form the elon- 
gated openings 12 results in a multiplicity of intersect- 
ing members which may be characterized as circumfer- 
ential ribs 14 and bars 16 which are colinear with the 
axis of the tube. As shown in FIG. 1, each of the cir- 
cumferential ribs 14 intersects one of the colinear bars 
16 at the halfway point of an adjacent rectangular open- 
ing 12. 

As explained in the Palmaz patents, the stent may be 
made of various materials, but a thin-walled stainless 
steel tube is preferred. The material must deform when 
pressure is applied to the interior surface of the tubular 
member (for example by means of a balloon) and, of 
course, must be strong enough to withstand any pres- 
sure applied by the blood vessel (or other body lumen) 
in which it is to be placed. 

The diameter of the unexpanded stent is shown at "d" 
in FIG. 1. When pressure is applied to the interior sur- 
face of the stent, the colinear bars 16 are deformed 
causing the openings 12 to assume a diamond-like shape. 
By virtue of this deformation of the bars 16, the diame- 
ter of the stent increases from "d" to "D", with the 
length of the stent being reduced proportionately to 
accommodate the increase in diameter (compare FIG. 1 
with FIG. 2). 
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In accordance with the invention, a barb 18 extends strain in the ribs 14 and thereby magnify the force on 

into each of the elongated openings 12 from a circum- the junction between each barb 18 and rib 14. 

ferential rib 14 at one end of the opening. Each of the Many modifications of the illustrated embodiment are 

barbs lies flat in the surface of the tubular member in its possible within the scope of the invention. The illus- 
unexpanded state. It has been discovered that if a pair of 5 trated embodiment is therefore to be considered in all 

oblique slots 20 and 22 (see FIG. 3) are provided in the respects as illustrative and not restrictive; the scope of 

circumferential rib 14 at its juncture with the barb 18, the invention being indicated by the appended claims, 

when a force is applied to the inner surface of the stent, md not limited to the foregoing description, 

expansion of the stent will cause the barb 18 to move What is claimed is- 

radially outwardly from the surface of the stent as it 10 j ^ im pi an table intraluminal stent, comprising a 
expands (see FIG^ 4) In other words as the stent is Mai wa]I defmed b a multiplicity of intersecting 
deployed, the barbs 18 are also deployed so that when members formin a mu f ti Ucity £ ^ said tubu g 
the stent contacts the surface of the blood vessel, the u *> „ m1J * - * , , f - , A , f. * . 
barbs penetrate the inner lining of the blood vessel to J* w f bem f expandable from a first diameter to a 
anchor the stent in place. 15 ? COn f . Up0n *W l **f™ [° f * ****** 
The dimensions of the components of the stent, in- fo ff. * f en0r Su ? ce of f\ d wa \ at ^ °f 
eluding the barb are not critical and may be determined f 1 * f«™to« ^ embe j s mcl « dlD g a b f b > ea , ch s * d 
empirically. It is believed that the angle a illustrated in barb lymg fl f f sur6 ? of said tubular wal1 when 
FIG. 3 should be between 30° and 60°, optimally 45°. lt 1S ™«*PMKkd and extending out of the surface of said 
Likewise the length of the slots 20 and 22 may be deter- 20 tubuIar waU for engagement of a lumen when it is ex- 
mined empirically with a view toward optimizing the panded. 

deployment of the barbs without weakening excessively 2 * A stent according to claim 1, wherein said barbs 

the circumferential ribs 14. The slots 20 and 22 serve an m colmear with the axis of said tubular wall, 

important function in causing the barbs to deploy dur- A stent according to claim 2, wherein said inter- 

ing expansion of the stent. 25 siting members include circumferential ribs, said barbs 

It is also possible that opposing barbs 18 may extend extending from said ribs, 

toward each other in each slot 12. In other words, two 4 * A stent according to claim 1, wherein oblique slots 

barbs 18 would extend in opposite directions from each are formed in said ribs at each intersection of a barb and 

circumferential rib 14. This, of course would double the rib. 

number of barbs, which would enhance attachment of 30 5. A stent according to claim 2, wherein oblique slots 

the stent to the blood vessel. are formed in said ribs at each intersection of a barb and 

Also contemplated is a stent having a staggered ar- rib. 

rangement of circumferential ribs 14 as shown in FIG. 6. A stent according to claim 3, wherein oblique slots 

5. By staggering or displacing the circumferential ribs are formed in said ribs at each intersection of a barb and 

14 as shown in FIG. 5, expansion of the stent will create 35 rib. 

forces in an oblique direction which may increase the ***** 
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Declaration of Richard J. Saunders Regarding European Patent EP 1 066 804 

I Richard J. Saunders, affirm and declare as follows: 

1 . I was employed by Guidant Corporation from August of 1 988 to 
September of 2004 as a principal engineer and later as Advisor, Laser Technology. 

2. I am the named inventor of European Patent No, EP 0 714 641 , directed to 
laser cutting of metal stents. 

3. By Marchof 1996, theearliest filing date of Evysio's claimed priority 
applications, I was aware of others using lasers to cut stents. 

4. Guidant began using lasers to cut stents from a tube of metal at least as 
early as November of 1 994. 

5. On November 21 , 1995, Guidant employees visited Ij&er Pro Labs (LPL) 
in California. The visit is documented in an e-mail communication attached hereto as 
Exhibit A. LPL sold Lasag YAG Lasers to cut coronary stents. A letter from Lasaa 
describing the YAG Laser and enclosing product literature is attached hereto as Exhibit 
B. 

6. An LPL representative, Mr. George Shukov, disclosed that Johnson & 
Johnson, a major manufacturer of stents, had purchased five of the lasers by that time and 
was using them to manufacture stents. 

7. LPL prepared a quote to sell a laser cutting system to Guidant. which is 
attached hereto as Exhibit C. As noted in the quote, the system was capable of cutting a 
10mm stent, with .060 mm outer diameter and a 4 mill (0.004mm) wall diickness, 

8; Therefore, prior to 1 996 ? I was aware that at least LPL was ustnu lasers to 
cut coronary stents from a tube. 

I declare under penalty oLpcqury that the foregoing is true and correct. 
In Santa Clara, California on January 2006 



Richard J. Saunders 
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Saunders, Richard (m) (SC) 



From: 
To: 



Limon, Tim (SC) 

Huss, Beverly (m) (SC); Cox, Daniel (SC); Callol, Joe (SC); Loeffler, Joe (SC); Ham, Kevin 
L (SC); Michaels, Marybeth (SC); Sirhan, Motasim (SC); Allen, Richard (SC); Chan, Randy 
(m) (SC); Eury, Robert (SC); Rapoza, Richard (SC); Renati, Richard (SC); Saunders, 
Richard (m) (SC); Owens, Tim (SC); Teaby, Greg (ACS) 
Notes from Laser Pro Labs visit 
Wednesday, November 29, 1995 8:26AM 



Subject: 
Date: 



On Tuesday, November 21st, Motasim Sirhan and I visited with Laser Pro Labs (LPL) to keep our relationship with 
vendors active. We spoke with George Shukov. He shared information about his Model 104 Stent Cutting Laser. 
We covered several features of the system which are listed below: 

Speed: Our most modern ACS laser (with circular interpolation) can cut a J&J pattern in about 9 minutes (roughly 
50 per 8 hour shift) The Model 1 04 can cut 1 00 J&J stents per 8 hour shift (that's double the capacity) 

Auto Feed: This eliminates the need for an operator to change individual stents. The model 104 has the ability to 
accept a single 36" tube, cut the stent, automatically advance the tube and cut the next stent. At the end of the 
run, the operator pulls out a drawer full of stents and loads the next 36 n of tubing. 

Auto Degate: George has developed a polishing process that alleviates the need for gates on the stents. This 
technology is included in the price of the laser. Stents can now be cut on the laser, be sonicated for 10 minutes, 
be polished and are now ready for inspection. 

Beam Diameter: 0.0025" 

Optical Delivery: A simple 90° bend from laser to stent. 

Accuracy: The 104 has a low inertia Aerotech rotary encoder has the ability to make directional changes at 60 rpm 
without causing an error. Our current Anaround system has too much inertia and is under powered causing errors 
at high speeds. The overall positioning system has an accuracy of +/- 0.0002" 

Reliability: LPL uses a Lasag YAG laser. Lasag is known as the industry leader in quality lasers for production 
environment. Also the Aerotech positioning system is on of the best. The 104 has positive air pressure applied to 
all of the encoder assemblies ensuring that particulates won't enter. The system is also vented removing 
particulates from the class 1 enclosure. George mentioned that he's only made 2 service calls in the last 6 months 
with 8 systems already in the field. J&J's stent reject rate is about 2%. 

Direct Programming: The 104 has a PC based programming console running Windows 3.1. This alleviates the 
need for the serial links between PC's and Anorads. The console also has a video system that provides allows 
you to focus the beam without looking through a microscope. The console is lockable to ensure data / program 
security. 

Price: $350K Including installation, training, technology transfer. J&J got a 5% discount when they ordered 5 
lasers. We can negotiate. 

Lead Time: 14-18 weeks. George has offered to sell us his 2nd laser (to be built) by early march. 
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LASAG 



INDUSTRIAL-LASER 



LASAG Corporation 
Phone (708) 593-3021 



702 W?sf Algonquin Road 



Arlington Heights, IL 60005-4416 
FAX (708) 593-5062 



December 1, 1995 
Mr. Kevin Hann 

Advanced Cardiovascular Systems 
3200 Lakeside Drive 
Santa Clara, CA 95052-8167 
(408) 235-3936 

Re; LASAG Lasers. 

Dear Mr. Hann: 

I enjoyed ^peaking with you regarding your laser stent cutting application. Enclosed 
please find a set of literature on our line of pulsed Nd-YAG lasers and beam delivery 
accessories. 

LASAG is a Swiss manufacturer of precision laser sources and laser beam delivery 
systems for industrial products. At LASAG, we offer over 25 years of experience in the 
industrial laser market earning a position as the industry leader. Our organization is 
worldwide with thousands of lasers installed in facilities performing a wide range of 
applications that only our unique design would facilitate. We offer total manufacturing 
solutions by utilizing our vast applications experience to solve processing problems, offer 
a high quality, reliable product, and providing the continued support and training you 
require. We are committed to our customers and not only want to earn your business but 
strive to become your laser partner. 



Please feel free to call with any questions that you may have. I look forward to hearing 
from you. 

Sincerely, 

LASAG CORPORATION 

Fritz Muller 
Vice President 
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Compact Laser System KLS 126 

A newly developed LASAG laser source of the well proven 
KLS series with the following features: 

- wide range of achievable parameters 

- extensive monitoring possibilities 

- easy operation 

« smooth an effective integration possibilities into 
production systems 

- complying with international safety regulations 
• wide range of standard accessories 

Range of applications 

The KLS 126 laser is a cutting and welding laser source, 
enabling cutting rates up to 1 m/min. t welding depths up 
to 1mm and spot diameters up to 1,2mm. Byusingalaser 
beam deflection, or a fiber optic $ystem r itis possible to 
extend and adapt the system for a range of applications, 

Services 

LASAG guarantees competent counselling on matters 
relating to applications, an intensive training of customers 
in operation and maintenance, LASAG's after sales ser- 
vice operates worldwide. 

The Technology 

The compact design of the laser head allows convenient 
mounting possibilities and easy maintenance. 
The standard laser head is equipped with a monocular 
eyepiece and adjustable cross-hairs. As an option it can 
be replaced with a binocular or a viewing system with a 
closed circuit TV monitor. 

A state-of-the-art laser control system incorporates three 
microprocessors for demanding real-time operations and 
allows a continuous adjustment of all important laser 
parameters, including the pulse energy The input data is 
entered via the keyboard or the user interface. Ramping 
and burst parameters are also programmable. Full safety 
interlocks an comprehensive fault diagnostics are also 
provided within the control system. The operating panel 
is located on the power supply cabinet As an option, it 
can be delivered mounted in a remote control cabinet with 
a connecting cable 5 m long. 

Optional Fiber Optics 

Instead of a standard laser head, it is possible to connect 
fiber optic modules for 1 to 6 fibers to the laser. This op- 
tion extends the flexibility of the system and allows it to 
be used in particular together with production robots. 
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Specifications (nominal values) 
Laser type Nd: YAG KLS 126 
Wave length 1,064 pm 

Beam diameter 6 mm 

Pulse duration 0,1-10 ms 

Pulse frequency 300 Hz 

4,SkW 
30J 
120W 



Pulse energy 
Average power 

Services 

Electrical 

Main frequency 
Power ~ 

Max. phase current (eff.) 
Recommended fuses 

Water cooling 
Water inlet 
Water outlet 
Water consumption 
(depends on load) 



3x380V/220V±10% 
(3P+N+E) 

SO Hz (60 Hz as option) 
11 kVA 
16A 
20 A 



2-10 bar, max. 18°C(64°F) 
no backpressure 
1-101/min. 



Dimensions and weights 



All dimensions In mm 
Weights: Power supply 270 kg 
Laser head 30 kg 

Top view A 
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cross-section B-8 



a: 60 mm, f= 100 
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formed and which penetrate the body lumen to assist in 
attaching the stent to the walls of the body lumen. 
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Description 

The invention relates generally to endoprostheses 
and, more specifically, to an Intraluminal stent for repair- 
ing a damaged or diseased artery, or to be used in con- 
junction with a tube graft for delivery to an area of a body 
lumen that has been weakened by damage or disease, 
such as an aneurysm of the abdominal aorta. Several 
areas of the body are particularly suitable for receiving 
an endoprosthesis, commonly referred to as an intralu- 
minal stent, to hold open and insure the patency of a 
body lumen. Two such areas include the coronary arter- 
ies and the aorta, especially in the area where an aneu- 
rysm has developed. 

An abdominal aortic aneurysm ("AAA") is an abnor- 
mal dilation of the arterial wall of the aorta in the region 
of the aorta that passes through the abdominal cavity. 
The condition most commonly results from atheroscle- 
rotic disease. Frequently, abdominal aortic aneurysms 
are dissecting aneurysms, that is aneurysms that are 
formed when there is a tear or fissure in the arterial lining 
or wall through which blood is forced and eventually 
clots, forming a thrombosis which swells and weakens 
the vessel. Abdominal aortic aneurysms do not cause 
pain, but are easily detected in a thorough physical ex- 
amination. If the aneurysm is not detected and treated, 
it is likely to rupture and cause massive hemorrhaging 
fatal to the patient. 

Treatment of AAAs comprises some form of arterial 
reconstructive surgery which commonly is referred to as 
a "triple-A" procedure. One such method is by-pass sur- 
gery, in which an incision is made into the abdominal 
cavity, the aorta is closed off above and below the site 
of the aneurysm, the aneurysm is resected, and a syn- 
thetic graft or tube sized to approximate the diameter of 
the normal aorta is sutured to the vessel to replace the 
aneurysm and to allow blood flow through the aorta to 
be reestablished. The graft commonly is fabricated of a 
biocompatible material that is compliant and thin-walled. 
Nylons and synthetic fibers such as those manufactured 
under the trademarks DACRON or TEFLON of the E.I. 
DuPont de Nemours, Co. have been found to be suitable 
for the construction of the graft. Studies have shown that 
the mortality rate associated with this surgical procedure 
is favorable (less than 5%) when it is performed prior to 
rupture of an aneurysm. However, patients having an 
AAA typically are over 65 years of age, and often have 
other chronic illnesses which increase the risk of peri- 
operative or post-operative complications. Those pa- 
tients thus are not ideal candidates for this type of major 
surgery. Further, it has been pointed out that this proce- 
dure is not often successfully resorted to after an aneu- 
rysm has ruptured (the mortality rate increases to over 
65%) because of the extensiveness of the surgery and 
the time required to prepare a patient for it. 

Because of the aforementioned disadvantages to 
conventional surgical methods, another procedure was 
developed as an alternative to conventional, major sur- 



gery. This method also involves emplacement of a graft 
at the site of the aneurysm; however, the graft is de- 
ployed there by being routed through the vascular sys- 
tem carried by a catheter, wire or other device suitable 
s for negotiating the vasculature. The graft and its deploy- 
ment system often are introduced into the blood stream 
percutaneously with a femoral approach and the entire 
procedure can be performed using local rather than gen- 
eral anesthesia. 
10 Once the graft has been positioned at the aneu- 
rysm, it is disengaged from the delivery system and can 
be affixed to the aortic wall both distally and proximally 
of the aneurysm. For this purpose, grafting systems usu- 
ally include fixation means such as staples or hooks 
15 which can be manipulated and driven into the intima of 
the vessel via some mechanical feature of the system, 
or by some physical process, such as expansion of the 
graft through application of pressure. To avoid prema- 
ture detachment of the graft and to prevent the attach- 
es ment elements from damaging the vessels or halting the 
forward movement of the system while the graft is being 
routed to the treatment site, the systems often are pro- 
vided with a feature such as a capsule or a sheath that 
protects and contains the graft until such time as deploy- 
ed ment is desired. 

Once the graft is in place, it is positioned in the ves- 
sel spanning the site of the aneurysm such that the walls 
of the graft are generally parallel to the walls of the af- 
fected area of the aorta. The aneurysm thus is excluded 
30 from the circulatory system by the graft rather than being 
resected altogether. If the aneurysm is a dissecting type 
and a thrombosis exists between the walls of the aorta, 
the now-excluded aneurysm beneficially may provide 
structural support for the graft. 
35 Grafting systems are known that include what com- 
monly is referred to as an attachment system for deploy- 
ing the graft. The attachment system is a tubular device 
which is fitted inside and is generally coaxial with the 
graft, and which can extend out of the graft at either or 
40 both the proximal and distal ends thereof. The attach- 
ment system often has a lattice-like or open weave 
structure, which provides it with flexibility and which pro- 
motes rapid endothelial tissue growth through the struc- 
ture once the graft has been deployed. It may be pro- 
45 vided with additional hook-like elements for penetration 
of the intimal walls for attachment of the graft to the aor- 
ta, or those hook-like elements may be provided on the 
graft itself. Graft systems of type described can be found 
in U.S, Patent Nos. 4,787,899 (Lazarus); 5,104,399 
50 (Lazarus) ; 5,21 9,355 (Parodi et al.); and 5,275,622 (La- 
zarus). A stent and graft combination can be found in U. 
S. Serial No. 340,112, filed November 15, 1994, which 
is commonly assigned to the same assignee as the 
present invention, namely Advanced Cardiovascular 
55 Systems, Inc., Santa Clara, California. Generally, prior 
art systems that employ attachment means which in- 
clude hooks or staples create a very large profile for de- 
livery through a body lumen. 
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The actual function of delivering the graft may be 
accomplished by inflating a balloon of a catheter by in- 
troducing pressurized fluid into a lumen of the catheter 
from a source external to the patient. Inflation of the bal- 
loon applies a force to the graft, and to any attachment 
system supplied therein, which force extends radially 
and presses the graft and attachment system into the 
vessel wall just above and just below the aneurysm. 
Other devices used to attach a graft to the aortic wail for 
AAA repair include intravascular stents of the type found 
in U.S. Patent No. 5,316,023. 

In order for a stent to be used most advantageously 
with a graft deployment system for treatment and repair 
of aneurysms, the stent must be composed of a biocom- 
patible material and simultaneously must be flexible 
enough to comply with the catheter or other element 
used to route the graft through the often tortuous vas- 
cular path to the site of the aneurysm and strong enough 
radially to maintain the opening in the graft once deliv- 
ered. It is important that the stent or stent-and-graft com- 
bination have a low profile for intraluminal delivery. The 
stent must be well suited to deployment by a delivery 
system that is not overly complex and, thus, is reliable 
and easy to operate. Further, it is desirable that the stent 
be expandable, so that upon application of a force or 
physical change from within sufficient to cause radial ex- 
pansion, it encourages affixation of itself and the graft 
to the aortic walls. Although various stents have been 
proposed, none adequately provides all of these desir- 
able features. 

Another area in which stents commonly have been 
used are the coronary arteries, for the purpose of repair- 
ing a damaged or diseased vessel. In typical prior art 
situations, the stent is mounted on the balloon portion 
of a catheter and is delivered intraluminal^ by known 
methods to a specific location in a coronary artery. Gen- 
erally, a stent is deployed after a patient has undergone 
a PTCA (percutaneous transluminal coronary angi- 
oplasty) procedure in which a lesion or other obstruction 
in the artery has been dilated by known methods. De- 
ploying an intravascular stent at the site where an angi- 
oplasty has occurred will reduce the likelihood of a res- 
tenosis and can assist in tacking up any dissections and, 
in general, reinforce the vessel wall. 

Most, but not all, stents currently described in the 
art provide a smooth outer wall surface which, when ex- 
panded, does not penetrate into the vessel wall. Thus, 
some prior art stents do not provide adequate fixation 
methods to attach the stent to the vessel wall during de- 
ployment. 

What has been needed and heretofore unavailable 
is a stent for use in combination with a graft which has 
a high degree of flexibility for efficient advancement 
through tortuous passageways, which can be radially 
expanded from a relatively small diameter and low pro- 
file to a relatively large diameter without substantial lon- 
gitudinal contraction, and which exhibits mechanical 
strength sufficient to penetrate the vessel walls thereby 



resisting migration and to maintain the patency of a syn- 
thetic graft implanted at the site of an aneurysm. 

SUMMARY OF THE INVENTION 

5 

Embodiments of the present invention are directed 
to an intravascular stent which can be used in combina- 
tion with an aortic graft to repair an abdominal aneu- 
rysm, or separately to reinforce a coronary artery after 

10 a PTCA procedure. As used herein, reference to the 
"proximal" is toward the outside of the patient and away 
from the stent while reference to the "distal" is toward 
the stent, which generally is mounted on the balloon por- 
tion of a catheter. The proximal and distal definitions ap- 

15 pjy equally to directions in other parts of the vascular 
system and especially to the aorta and coronary arter- 
ies. 

In a preferred embodiment, the stent is attached to 
the distal end of a tubular graft such that at least a por- 

20 tion of the stent is exposed distally, beyond the distal 
end of the graft. Thereafter, the graft-and-stent combi- 
nation is deployed intraluminaily such that the stent and 
the distal end of the graft are positioned distally of the 
aneurysm, while the proximal end of the graft extends 

25 proximally of the aneurysm. Thus, the tubular graft will 
span the diseased area of the aneurysm. 

The intravascular stent is comprised of a plurality of 
cylindrical elements that are interconnected to each oth- 
er by a plurality of connecting members. The cylindrical 

30 elements on a first stent section face one direction and 
in a second stent section the cylindrical elements face 
the opposite direction. At least some of the connecting 
members between the first and second stent sections 
have a notch to create a weakened area which will per- 

35 mit the connecting member to deform or buckle out- 
wardly when the stent is expanded. More than one notch 
can be formed in the connecting members. When the 
stent is expanded from a low profile, first diameter, the 
connecting members having a notch will buckle out- 

40 wardiy, forming a projecting barb which will penetrate 
the aortic wall and thereby attach the stent-and-graft 
combination to the aortic wall. Because the first and sec- 
ond stent sections have oppositely-facing cylindrical el- 
ements, during expansion a compression force is cre- 

45 ated which causes the connecting members to buckle 
at the notched area. Several of these projecting barbs 
may be employed to affix the stent-and-graft combina- 
tion. It also is possible to attach a stent to the proximal 
end of the tubular graft to affix the proximal portion of 

50 the tubular graft to the aortic wall. Further, it is envi- 
sioned that the stent can be employed with a bifurcated 
graft (not shown) which generally is used when the aor- 
tic aneurysm is close to the aortic bifurcation. 

In another embodiment of the invention, the con- 

55 nector members having a notch are offset or angulated 
from the longitudinal axis of the stent. When the stent is 
rotated or twisted, the connecting members are com- 
pressed, forcing the members to align and buckle out- 
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wardly to provide projecting barbs as described above. 
Rotating the stent can be accomplished in numerous 
ways, including holding one end stationary while rotat- 
ing the other end, or counter-rotating each of the ends 
respective to each other. This rotational or twisting ac- 
tion will cause the connecting members having a notch 
to buckle outwardly as long as the overall length of the 
stent does not appreciably increase. This embodiment 
can be used, as described above, with a stent-and-graft 
combination for repairing aortic aneurysms. 

A further embodiment of the invention includes an 
intravascular stent having a first stent section and a sec- 
ond stent section, each section having a plurality of op- 
positely-facing cylindrical elements connected by a plu- 
rality of connecting members. Some of the connecting 
members have one or more notches which provide a 
weakened area in the connector member. When the 
ends of the stent are moved toward each other, this 
causes the weakened area or notch in the connecting 
members to deform so that the connecting member 
buckles outwardly to form a projecting barb. This em- 
bodiment of the stent also can be used with a stent-and- 
graft combination to repair an aortic aneurysm. 

It also is contemplated that each of the embodi- 
ments can be used to repair other body lumens, such 
as the coronary arteries. Thus, for example, the stent of 
the present invention can be implanted in a coronary ar- 
tery after a PTCA procedure in order to repair a dam- 
aged or diseased portion of the artery. The stent will be 
deployed and implanted similar to that described above, 
with the exception that the projecting barbs will be cor- 
respondingly smaller in the coronary arteries than in the 
aorta. The projecting barbs will assist in firmly attached 
the stent to the vessel wall so that it is more securely 
attached to the vessel wall once it has been implanted. 
A clear advantage of the stent for use in the coronary 
arteries is its low delivery profile and its positive attach- 
ment features upon implanting. 

In another embodiment of the invention, the 
notched connecting member has a bevelled-edge mem- 
ber affixed to at least a portion of the connecting mem- 
ber by any known means, such as by welding. The bev- 
elled-edge member has a point that extends outwardly 
from the outward-most portion of the projecting barb so 
that the bevelled-edge member and the projecting barb 
penetrate the vessel wall. 

Other features and advantages of the present in- 
vention will become more apparent from the following 
detailed description taken in conjunction with the ac- 
companying exemplary drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 is a plan view depicting a stent embod- 
ying the present invention having a plurality of connect- 
ing members which will become projecting barbs upon 
expansion. 

FIG. 1 A is a cross-sectional view taken along lines 



1 A-1 A depicting a connecting member having a weak- 
ened area or notch. 

FIG, 1 B is an elevational view of the stent of FIG. 1 
where the notched connecting members have not been 
s deformed. 

FIG. 1C is a perspective-elevational view of the 
stent of FIG. 1 rolled into a cylindrical configuration, but 
not expanded (the backside of the cylinder is not shown 
for clarity purposes). 
10 FIG. 2 is a plan view depicting the stent of FIG. 1 in 
which the stent has been expanded. 

FIG. 2A is cross-sectional view taken along lines 
2A-2A depicting the notched connecting member in its 
deformed configuration as a projecting barb. 

FIG. 2B is an elevational view of the expanded stent 
of FIG. 1 depicting the notched connecting member pro- 
jecting outwardly as a projecting barb. 

FIG. 2C is a partial elevational view of the stent of 
FIG. 2 rolled into a cylindrical configuration and depict- 
ing the projecting barbs as they appear projecting out- 
wardly when the stent is expanded. 

FIG. 2D is a plan view depicting the stent of FIG. 1 
in which the notched connecting members each have 
more than one notched or weakened portion to facilitate 
deformation of the connecting member. 

FIG. 2E is a partial plan view of one of the notched 
connecting members having a bevelled-edge member 
affixed to a portion of the connecting member, the view 
being depicted in an unexpanded configuration. 

FIG. 2F is a plan view of the connecting member of 
FIG. 2E in which the stent has been expanded causing 
the connecting member to compress and to project out- 
wardly so that the projecting barb and the bevelled-edge 
member project outwardly. 

FIG. 2G is a side view of the connecting member of 
FIG. 2F depicting the connecting member buckled out- 
wardly and forming a projecting barb and depicting the 
bevelled-edge member projecting outwardly for deeper 
penetration into the vessel wall. 

FIG. 3 is a plan view depicting another embodiment 
of the stent having connector members angulated or off- 
set from the longitudinal axis of the stent. 

FIG. 3A is an elevational view of the stent of FIG. 3 
depicting the stent in its flat and unexpanded configura- 
tion. 

FIG. 4 is a plan view of the stent of FIG. 3 in an 
unexpanded configuration but with the two stent sec- 
tions aligned such that the connector members having 
a notch have been twisted to project outwardly as pro- 
jecting barbs. 

FIG. 4A is a plan view of the stent of FIG. 4 in which 
the connector members having a notch are projecting 
outwardly to provide projecting barbs. 

FIG. 5 is a plan view depicting another embodiment 
of the stent in which connector members having a notch 
separate two sections of the cylindrical elements. 

FIG. 5A is an elevational view of the stent of FIG. 5 
in an unexpanded state and with the connector ele- 
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ments undeformed. 

FIG. 6 is a plan view of the stent of FIG. 5 in which 
the two sections of cylindrical elements have been 
forced toward each other thereby deforming the connec- 
tor members with a notch into providing projecting 
barbs. 

FIG. 6A is an elevational view of the stent of FIG. 
6, in its unexpanded state, depicting the connector 
members having a notch deformed to provide projecting 
barbs. 

FIG. 6B is an elevational view of the stent of FIG. 6 
in its rolled-up configuration before the stent ends are 
forced together to form projecting barbs. 

FIG. 7 is a partial cross-sectional view of a stent em- 
bodying the present invention attached to a tube graft 
and being implanted in a AAA procedure. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Embodiments of the invention relate to an intravas- 
cular stent, one or more of which is used in conjunction 
with a known tubular graft or bifurcated graft for repairing 
body lumens of all types. As described herein, reference 
is made to repairing an aortic aneurysm, coronary arter- 
ies, and other vessels, however, other body lumens are 
equally suited to receive the stent of the present inven- 
tion. 

In keeping with this, FIGS. 1 -2D depict an intravas- 
cular stent 1 0 having a first stent section 1 1 and a sec- 
ond stent section 12. In the embodiment shown, each 
of first stent section 1 1 and second stent section 1 2 have 
a plurality of cylindrical elements 1 3 which are connect- 
ed by a plurality of connecting members 16. Each of cy- 
lindrical elements 1 3 are comprised of a series of peaks 
14 and valleys 15 in a serpentine manner. As depicted 
in FIGS. 1-1 B, stent 10 is in a flattened condition and 
can be formed from a flat sheet of material as will be 
described herein. Stent 10 also can be formed from a 
piece of tubing using known chemical etching or laser 
cutting techniques. 

Due to the serpentine nature of cylindrical elements 
13, in addition to the connecting members 16, there ap- 
pears a pattern of W-members 17, U-members 18, and 
Y-members 19. As can be seen, the radii in the various 
W-, U- and Y-members are different to accommodate 
differing expansion rates of the various members and to 
provide more uniform expansion, as will be described 
herein. 

In a preferred embodiment, first section 11 and sec- 
ond section 12 are connected by a plurality of notched 
connecting members 20 which are designed to buckle 
or deform during expansion of stent 10. To accomplish 
the proper deformation of notched connecting member 
20, a notch 21 is cut into notch connecting member 20 
to provide a weakened area and to allow deformation to 
take place at that point. As can be seen in FIG. 1 A, notch 
21 is cut a distance into notched connecting member 



20, but not all the way through. It is intended that 
notched connecting member 20 deform and buckle dur- 
ing expansion, but not to break apart at notch 21 Thus, 
notch 21 is to be cut into connecting member 20 a dis- 
s tance sufficient to cause a weakened area, but not so 
deep as to cause failure and breaking of notched con- 
necting member 20 at the notched area. Notched con- 
necting member 20 also can have several more notches 
so that connecting member 20 can buckle more easily. 
io Thus, end notches near the ends of connecting member 
20 will enable the connecting member to buckle more 
easily and thereby form projecting barb 22. 

Turning to FIG. 1C, the fiat sheet of stent 10 as de- 
pleted in FIG. 1 has been rolled into a cylindrical config- 
15 uration with the back side of the stent not shown for pur- 
poses of clarity. Also, only two notched connecting 
members 20 are depicted, however, any number of 
notched connecting members 20 can be provided to ac- 
complish the intended use. Stent 10 of FIG. 1C is in a 
non-expanded configuration. When the stent 1 0 is man- 
ufactured from a flat sheet of material as depicted in Fl G. 
1, it must be rolled into the cylindrical configuration de- 
picted in FIG. 1C and the longitudinal ends of the stent 
must be welded, brazed, soldered or joined together by 
any known means. The stent of FIG. 1C also can be 
formed from a single piece of tubing thus eliminating the 
steps of rolling it into a cylindrical configuration and af- 
fixing the longitudinal ends. 

FIGS. 2-2B depict stent 1 0 as it is formed from a flat 
sheet of material and in its expanded configuration. 
These drawing figures provide a clear picture of the ex- 
pansion properties of stent 1 0 and its impact on notched 
connecting member 20, but in use stent 10 would not 
be expanded in its flattened configuration. As shown in 
FIG. 2, when stent 10 is expanded, the W-, U- and Y- 
members are deformed, however, the distance between 
the members remain substantially the same, because 
connecting members 16, which separate each of cylin- 
drical elements 1 3, do not change in length. Importantly, 
the length of notched connecting member 20 changes 
in response to the bending and expansion of U-mem- 
bers when stent 10 is expanded outwardly. As expan- 
sion occurs, connecting members 16, which connect 
first stent section 11 to second stent section 12, are in 
tension but they cannot stretch. This tension creates an 
opposite compressive force on connecting member 20 
which buckles at notch 21 and shortens in length, there- 
by forming projecting barb 22. When the expansion oc- 
curs, the weakened area of notch 21 allows notched 
connecting member 20 to deform thereby forming pro- 
jecting barb 22 as depicted in FIGS. 2A and 2B. None, 
the connecting members 1 6 which do not have notches 
deform or buckle, but rather each un-notched connect- 
ing member remains the same length, thereby providing 
an expanded stent that does not appreciably shorten 
during expansion. 

The stent shown in FIG. 2C is the stent of FIG. 2 
rolled into a cylindrical configuration and expanded. On- 
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!y one cylindrical element of first stent section 11 is de- 
picted and it is shown connected to second stent section 
1 2. As can be clearly seen, notched connecting member 

20 has deformed radially outwardly resulting in project- 
ing barb 22. It is intended that projecting barbs 22 con- 
tact and penetrate the vessel wall to assist in affixing 
stent 10 during the deployment and implanting proce- 
dure, as will be further described. 

It is important to note that with the present embod- 
iment, the unexpanded stent 10 of FIG. 1C has an ex- 
tremely low profile which allows the stent to be deployed 
through the vascular system with relative ease. Only af- 
ter the stent has been positioned at the site at which it 
will be implanted, is it expanded. The projecting barbs 
22 form during radial expansion. Thus, the present em- 
bodiment provides a clear advantage over prior art de- 
vices where the delivery profile is substantially higher 
because attachment hooks or other attachment devices 
increased the profile during delivery rather than project- 
ing outwardly only upon expansion, as occurs with the 
present embodiment. 

In FIG. 2D, the stent of FIG. 1 is depicted with more 
than one notch 21 in each connecting member 20 to fa- 
cilitate deformation into projecting barbs 22. The notch- 
es 21 will provide weakened areas in connecting mem- 
bers 20. When the stent is expanded from its first, low 
profile diameter, the weakened areas around notches 

21 allow connecting members 20 to buckle and deform 
outwardly to form projecting barbs 22. 

In the event it is desirable to increase the depth to 
which projecting barbs 22 penetrate into the vessel wall, 
a bevelled-edge member 25 can be attached to con- 
necting members 20. As can be seen in FIGS. 2E-2G, 
bevelled-edge member 25 is attached to connecting 
member 20 at point 26 by any known method, such as 
by welding, soldering or brazing. As described above, 
when the stent is expanded, the distance from one end 
of the connecting member 20 to the other end becomes 
shorter and causes connecting member 20 to buckle or 
deform outwardly, thereby forming projecting barbs 22. 
As can be seen more clearly in FIG. 2G, when projecting 
barb 22 projects outwardly, bevelled-edge member 25 
projects even further outwardly, providing a barb that will 
penetrate even deeper into a vessel wall. 

One important feature of the present embodiment 
is that first stent section 11 and second stent section 12 
are aligned so that the "U H -shaped members 1 8 oppose 
one another. The peaks of the U's are attached by short 
connecting members 16A, while the base of the U's are 
connected by the longer, notched connecting members 
20 that have been weakened (by notches or by other 
means as described herein). When the stent is expand- 
ed from its low-profile first diameter to its expanded sec- 
ond diameter, short connecting members 16A are 
placed in tension against the longer connecting mem- 
bers 20 which are in compression. In order for the cylin- 
drical elements 1 3 connected by long connecting mem- 
bers 20 and short connecting members 16A to expand, 



one of the two connecting members must fail. Because 
the compression-loaded, longer connecting members 
20 are inherently weaker than the tension-loaded short 
connecting members 16A, the longer connecting mem- 

s bers 20 will fail. Since the long connecting members 20 
are selectively weakened, such as by notch 21, the 
members 20 will selectively, and by design, fail outward- 
ly to create projecting barbs 22. 

In another embodiment of the invention, as depicted 

10 in FIGS. 3-4A, stent 1 0 has substantially the same over- 
all configuration as that shown in FIG. 1 , with the excep- 
tion of the location of notched connecting members 20. 
As can be seen in FIG. 3, stent 10 is in a flattened con- 
dition and first stent section 11 is offset from second 

15 stent section 1 2, and each section is joined to the other 
by notched connecting members 20. Unlike the stent of 
FIG. 1, which required radial expansion to deform 
notched connecting members 20, the stent of FIG. 3 
must be twisted to deform notched connecting members 

20 20. 

As seen in FIGS. 4 and 4A, unexpanded stent 10 
now has notched connecting members 20 in alignment 
with the longitudinal axis of the stent and first stent sec- 
tion 1 1 is axially aligned with second stent section 1 2. 

25 By moving first stent section 11 in axial alignment with 
second stent section 12, notched connecting members 
20 will deform at notch 21 resulting in projecting barb 
22. To insure that projecting barb 22 forms radially out- 
wardly, during the twisting motion first stent section 11 

30 and second stent section 1 2 must be constrained so that 
they do not lengthen and change the overall length of 
stent 10. As can be seen in FIG. 4B, stent 10 has been 
rolled into its cylindrical configuration with notched con- 
necting members 20 angulated so that they are not ax- 

35 iaily aligned with the longitudinal axis of stent 10. Once 
first stent section 11 is rotated or twisted with respect to 
second stent section 1 2, it will bring notched connecting 
members 20 into axial alignment with the longitudinal 
axis of stent 10 and the weakened area of notch 21 will 

40 permit notched connecting members 20 to deform out- 
wardly, thereby forming projecting barb 22. 

In another embodiment of the invention as depicted 
in FIGS. 5-6B, stent 1 0 is comprised of a first stent sec- 
tion 11 and second stent section 1 2, each having a plu- 

45 rality of cylindrical elements 1 3. First stent section 11 is 
spaced apart from second stent section by notched con- 
necting members 20 each having a notch 21 to form a 
weakened area. As with the other stent configurations, 
the cylindrical elements 1 3 are connected by connecting 

50 members 16. As can be seen more clearly in FIG. 6A, 
projecting barb 22 is formed when first stent section 11 
and second stent section 1 2 are forced closer together, 
thereby causing notched connecting members 20 to de- 
form outwardly and thereby form projecting barb 22. 

55 Thereafter, the stent can be expanded so that it expands 
from a first, low profile diameter to a second larger di- 
ameter to contact the vessel wall. As with all of the em- 
bodiments of the present invention, the first, unexpand- 
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ed diameter of the stent provides a very low profile for 
delivery purposes through the body lumen of a patient. 

With respect to each of the embodiments shown in 
FIGS. 1-6C, each stent embodiment can be delivered 
intraluminal^ in much the same manner. Stent 10 can 
be mounted on the balloon portion of a delivery catheter 
and delivered intraluminaily in a portion of a body lumen. 
Once stent 10 is positioned at the site where it is to be 
implanted, the balloon portion of the catheter is expand- 
ed by known means to expand the stent outwardly into 
contact with the body lumen. An example of one method 
of deploying stent 10 is depicted in FIG. 7. The balloon 
portion of a delivery catheter can be substituted for by 
any expansion member capable of receiving stent 10 
and expanding or urging the stent outwardly into contact 
with a body lumen. Thus, other means are available to 
urge outwardly and expand stent 10 such as mechani- 
cal, hydraulic, pneumatic, and by phase transition using 
memory-shaped alloys or superelastic alloys. 

As is shown in FIG. 7, a stent 10 has been attached 
to an aortic tube graft 35 at both the distal end and prox- 
imal end of the tube graft. While a stent 10 is affixed to 
each end of tube graft 35, it is possible to attach a stent 
only to the distal end of tube graft 35, leaving the prox- 
imal end free. Due to the high pressure of blood flow in 
the aorta, the proximal end of tube graft 35 does not 
necessarily have to be firmly attached to the aortic wall 
36. in FIG. 7, the stent and tube graft combination is 
mounted on balloon 40 and is delivered intraluminaily 
by over-the-wire catheter 50. Generally, guidewire 60 
having distal tip 70 is used to navigate the vasculature 
of the patient and to assist in positioning the catheter 
and balloon carrying the stent-and-tube graft combina- 
tion. It is important to position the tube graft 35 so that 
it spans aneurysm 37 and completely diverts blood flow 
from the aorta through the tube graft, so that no blood 
flow leaks around the distal or proximal end of the tube 
graft and into aneurysm 37. Importantly, stent 1 0 should 
be expanded into the aortic wall 36 only where there is 
healthy tissue, and not where the aneurysm 37 has 
weakened the vessel wall. 

Although a particular form of catheter has been de- 
scribed to route the graft-and-stent combination to the 
aneurysm, it will be apparent to those skilled in the art 
in treating aneurysms and similar conditions and of PT- 
CA catheter design, that catheters having various con- 
figurations could be used successfully to perform the 
same functions. For example, well-known fixed wire and 
rapid exchange wire systems also can be used in the 
delivery system described above. 

With further reference to FIG. 7, stent 10 is shown 
in its expanded configuration with projecting barbs 22 
projecting outwardly and penetrating aortic wall 36. With 
projecting barbs 22 penetrating aortic wall 36, stent 10 
is firmly implanted and attached to aortic wall 36 so that 
there is no possibility of the stent migrating once it is 
implanted. As shown in FIG. 7, the stent of FIG. 1C is 
used to anchor tube graft 35 to the aortic wall. Thus, 



balloons 40 are used to expand stent 10 radially out- 
wardly, thereby causing the notched connecting mem- 
bers 20 to deform and project outwardly forming project- 
ing barbs 22. Importantly, the overall length of stent 10 
$ does not appreciably change when it is expanded, be- 
cause connecting members 1 6A do not change in length 
and first stent section 11 and second stent section 12 
are constrained from moving toward each other during 
expansion. 

10 The expansion properties of stainless steel make it 
a preferred material for stent 10. Other materials are 
contemplated, which include combinations of stainless 
steel and polymer materials. Further, other materials 
might be used including tungsten, platinum, gold or 

1$ combinations of these materials in forming stent 10, 
Stent 10 can be formed from a flat sheet of material or 
from a single sheet of stainless steel tubing, by chemi- 
cally etching, laser cutting, or by using electronic dis- 
charge machining. A presently preferred mode of mak- 

20 ing stent 10 is found in co-pending application U.S. Se- 
rial No. 08/345,501 , entitled Method and Apparatus for 
Laser Cutting Small Objects, which is commonly as- 
signed to Advanced Cardiovascular Systems, Inc. of 
Santa Clara, California. Other details of the various 

25 processes by which a stainless steel stent 10 can be 
manufactured can be found in co-pending U.S. Serial 
Nos. 08/175,214 and 08/164,986. Further details of 
chemically etching stent 10 can be found in U.S. Serial 
No. 08/340,112, entitled Intraluminal Stent for Attaching 

30 a Graft, also commonly assigned to Advanced Cardio- 
vascular Systems, Inc., Santa Clara, California. 

It also is contemplated that the weakened portion 
of connecting member 20 result might be made to from 
something other than notch 21. In other words, it is in- 

35 tended that the invention not be limited to a weakened 
portion in the form of notch 21 . Thus, the weakened por- 
tion of connecting member 20 can include an area along 
connecting member 20 that is thinner or necked-down 
relative to the rest of the member. The weakened portion 

40 also can be formed by a metal different from the metal 
forming the rest of the stent, or by selectively treating 
an area of the primary stent material. For example, the 
first and second stent sections 11,12 can be formed from 
stainless steel, while a portion of connecting member 

45 20 can be formed from any material having a lower mod- 
ulus of elasticity which material will deform and bend 
more easily than the stainless steel. 

While the invention has been illustrated and de- 
scribed herein in terms of its use as an endoprosthesis 

50 - for implanting in a body lumen such as a coronary ar- 
tery or to be attached to a tubular graft or bifurcated graft 
for use in the aorta to repair an aortic aneurysm - it will 
be apparent to those skilled in the art that the stent can 
be used in other instances in other vessels of the body. 

55 Because the described stent has the feature of forming 
a positive attachment barb after the stent has been rout- 
ed through the vasculature of a patient to a specific site, 
and because it has a low profile during delivery, the stent 
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stent section; and 

a notch (21 ) in at least some of said connecting 
members (20) providing a weakened area so 
that said connecting members having a notch 
$ can be deformed outwardly to form a plurality 

of projecting barbs (22) for penetrating the body 
lumen. 

6. The intravascular stent of claim 1 or clam 5, wherein 
10 said stent has a smooth outer surface having no 
projections or rough edges and a first, unexpanded 
diameter providing a low profile for intraluminal de- 
livery. 

ib 7. The intravascular stent of claim 1 or claim 5, where- 
in said stent has a second, expanded diameter so 
that said outer surface of said stent contacts the 
body lumen and said plurality of projecting barbs 
contact the body lumen. 

20 

8. The intravascular stent of claim 7, wherein said plu- 
rality of projecting barbs (22) penetrate the body lu- 
men. 



is particularly well suited for implantation in almost any 
vessel where such devices can be used. These fea- 
tures, coupled with the fact that the stent does not retract 
or recoil to any great degree after It is radially expanded, 
provides a highly desirable support member for other 
types of endoprostheses. 

Other modifications and improvements may be 
made without departing from the scope of the invention. 
For example, the various drawing figures depict several 
configurations of the stent and various sizes, each of 
which can be modified to suit a particular application 
without departing from the scope of the invention. 



Claims 

1. An expandable intraluminal stent (10) for implanting 
in a body lumen, comprising: 

a first stent section (11) having at least one cy- 
lindrical element (13) facing a first direction; 
a second stent section (12) having at least one 
cylindrical element (13) facing a second direc- 
tion opposite to said first direction; 
a plurality of connecting members (20) con- 
necting said first section to said second section; 
and 

a weakened portion (21 ) in at least some of said 
connecting members, said connecting mem- 
bers being deformable at said weakened por- 
tion to provide a plurality of projecting barbs 
(22). 



25 9. The intravascular stent claim 1 or claim 5, wherein 
said stent is attached to a tubular graft (35). 

10. The intravascular stent of claim 1 or claim 5, where- 
in said stent is formed from a single piece of tubing. 

30 

11. The intravascular stent of claim 1 or claim 5, where- 
in said stent is formed from a fiat sheet of material. 



2. The intravascular stent of claim 1, wherein said 
weakened portion (21) includes at least one notch 
in said connecting members (20). 

3. The intravascular stent of claim 1, wherein said con- 
necting members (20) have a bevelled- edge mem- 
ber (25) attached to a portion thereof, said bevelled- 
edge member penetrating the body lumen when 
said connecting members (20) are deformed out- 
wardly. 

4. The intravascular stent of claim 1 , wherein the over- 
all length of said stent in its unexpanded and ex- 
panded configurations is substantially the same. 

5. An intraluminal stent (10) for implanting in a body 
lumen, comprising: 

a first stent section (1 1 ) and a second stent sec- 
tion 12) each having at least one expandable 
cylindrical element (13) which are interconnect- 
ed so as to be aligned on a common longitudi- 
nal axis; 

a plurality of connecting members (20) con- 
necting said first stent section to said second 



12. The intravascular stent of claim 11, wherein said flat 
sheet of material has a first longitudinal edge and a 
second longitudinal edge, and said stent is rolled 
into a cylindrical configuration from said flat sheet 
of material so that said first longitudinal edge abuts 
said second longitudinal edge and is attached 
thereto. 

13. The intravascular stent of claim 5, wherein said first 
stent section and said second stent section are ex- 
panded from within causing said connecting mem- 
bers having a notch to deform outwardly. 

14. The intravascular stent of claim 5, wherein said first 
stent section is twisted relative to said second stent 
section in order to deform said connecting members 
having a notch thereby forming said projecting 
barbs. 

15. The intravascular stent of claim 5, wherein said first 
stent section and said second stent section are 
forced toward each other thereby deforming radially 
outwardly said connecting members having a notch 
and forming said projecting barbs. 



35 
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16. The intravascular stent of claim 5, wherein at least 
some of said connecting members have a plurality 
of notches. 

17. The intravascular stent of claim 5, wherein said con- 5 
necting members having a notch have a bevelled- 
edge member (25) attached to a portion thereof, 
said bevelled-edge member penetrating the body 
lumen when the stent is expanded. 

10 

18. A method for implanting an intraluminal stent (10) 
in a body lumen where said stent has a plurality of 
cylindrical elements (13) which are expandable in a 
radial direction and which are interconnected so as 

to be aligned on a common longitudinal axis, and is 
said stent having a plurality of connecting members 
(20) for interconnecting said cylindrical elements, 
where at least some of said connecting members 
have a notch so that as said cylindrical elements 
(13) are radially expanded said connecting mem- 20 
bers (20) having a notch buckle outwardly to form 
a plurality of projecting barbs (22), the method com- 
prising: 

providing a delivery catheter (50) having an ex- 25 
pansion member (40) at its distal end; 
mounting said intraluminal stent on said expan- 
sion member of said catheter; 
delivering said stent on said expansion mem- 
ber of said catheter percutaneously through the 30 
patient's vasculature to a specific location; 
expanding said expansion member and there- 
by expanding said stent outwardly into contact 
with the body lumen; 

forming a plurality of projecting barbs (22) by 35 
deforming the connecting members (20) having 
a notch (21 ) so that they buckle outwardly, said 
projecting barbs penetrating the body lumen; 
and 

contracting said expansion member and with- 40 
drawing said catheter and said expansion 
member from the patient leaving said stent im- 
planted in the body lumen. 

19. The method of implanting an intraluminal stent of 45 
claim 1 8, wherein said stent is attached to a tubular 
graft (35) prior to said mounting step so that said 
stent and tube graft combination can be used for 
repairing an aortic aneurysm. 

so 

20. The method of implanting an intraluminal stent of 
claim 19, wherein said connecting members having 
a notch (21) also have a bevelled-edge member 
(25) attached to a portion thereof, the method fur- 
ther comprising penetrating the body lumen by said 55 
bevelled-edge member when the connecting mem- 
bers having a notch buckle outwardly. 
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